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❘❡♠❡r❝✐❡♠❡♥ts

❈❡tt❡ t❤ès❡ ♥✬❡st ♣❛s ❧❡ ❢r✉✐t ❞✬✉♥ tr❛✈❛✐❧ ✐s♦❧é✱ ♠❛✐s ❧❡ rés✉❧t❛t ❞❡ ♥♦♠✲
❜r❡✉s❡s ❝♦❧❧❛❜♦r❛t✐♦♥s✱ ❡t ♣❛s ✉♥✐q✉❡♠❡♥t s❝✐❡♥t✐✜q✉❡s✳ ■❧ ❡st ♣❛r ❝♦♥séq✉❡♥t
♥❛t✉r❡❧ ❞❡ t❡♥t❡r ❞❡ r❡♠❡r❝✐❡r t♦✉s ❧❡s ❣❡♥s q✉✐ ♦♥t ♣❡r♠✐s à ❝❡s tr♦✐s ❛♥♥é❡s
❞✬êtr❡ s✐ ❡♥r✐❝❤✐ss❛♥t❡s✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ✐❧ s✬❛❣✐t é❣❛❧❡♠❡♥t ❞❡ ❧❛ ♣❛rt✐❡ ❧❛
♣❧✉s ❞✐✣❝✐❧❡ à é❝r✐r❡ t❛♥t ❧❡s r✐sq✉❡s s♦♥t ❣r❛♥❞s ❞✬♦✉❜❧✐❡r q✉❡❧q✉✬✉♥✱ ♦✉ ❞❡ ♥❡
♣❛s ré✉ss✐r à tr❛♥s❝r✐r❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞✬✉♥❡ r❡♥❝♦♥tr❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❥❡ ✈❛✐s
❝♦♠♠❡♥❝❡r ♣❛r ✉♥ ✿

▼❡r❝✐ à t♦✉s ✦

▼❛✐♥t❡♥❛♥t q✉❡ ❥❡ s✉✐s sûr ❞❡ ♥❡ ♣❧✉s ♣♦✉✈♦✐r ♦✉❜❧✐❡r q✉✐ q✉❡ ❝❡ s♦✐t✱ ❥❡ ♣❡✉①
♠❡ ❧❛♥❝❡r s❡r❡✐♥❡♠❡♥t ❞❛♥s ❧✬❡①❡r❝✐❝❡ ❞é❧✐❝❛t ❞❡s r❡♠❡r❝✐❡♠❡♥ts ♣❡rs♦♥♥❛❧✐sés✳

❊♥ ♣r❡♠✐❡r✱ ❥❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ ♠♦♥ ❥✉r② ♣♦✉r ❛✈♦✐r ❛❝✲
❝❡♣té ❧❛ tâ❝❤❡ ❞❡ ❥✉❣❡r ♠♦♥ tr❛✈❛✐❧✱ ❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♠❡s ❞❡✉① r❛♣♣♦rt❡✉rs✱
❱✐✈✐❛♥❡ P✐❡rr❛r❞ ❡t ▼❛r❝♦ ❱❡❧❧✐✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❏❡❛♥✲❈❧❛✉❞❡ ❱✐❛❧ ♣♦✉r
❛✈♦✐r ❛❝❝❡♣té ❞✬êtr❡ ❧❡ ❤✉✐t✐è♠❡ ♠❡♠❜r❡ ❞❡ ❝❡ ❥✉r② ❡t q✉✐✱ ♣♦✉r ❞❡ ❧é❣✐t✐♠❡s
q✉❡st✐♦♥s ❞✬❡♠♣❧♦✐ ❞✉ t❡♠♣s✱ ♥✬❛ ♣✉ ❡♥ ❢❛✐r❡ ♣❛rt✐ ✜♥❛❧❡♠❡♥t✳

■❧ ② ❛ ❞❡✉① ♣❡rs♦♥♥❡s q✉❡ ❥❡ ♥❡ ♣❡✉① ♦✉❜❧✐❡r ❞❛♥s ❝❡ ❥✉r②✱ ♠❡s ❞✐r❡❝tr✐❝❡s
❞❡ t❤ès❡s ❑❛r✐♥❡ ❡t ◆✐❝♦❧❡✱ ❡t ✐❧ ♠❡ ❢❛✉❞r❛✐t ❜✐❡♥ ♣❧✉s q✉❡ q✉❡❧q✉❡s ♠♦ts ♣♦✉r
❧❡s r❡♠❡r❝✐❡r à ❧❡✉r ❥✉st❡ ✈❛❧❡✉r✳ ▼❡r❝✐ ❞❡ ♠✬❛✈♦✐r ❣✉✐❞é ♣❡♥❞❛♥t ❝❡s tr♦✐s
❛♥♥é❡s✱ ❡t ❞✬❛✈♦✐r ♣❡r♠✐s q✉❡ ♠❛ t❤ès❡ s❡ ♣❛ss❡ s✐ ❜✐❡♥✳ ▼❡r❝✐ ❑❛r✐♥❡ ♣♦✉r
t❛ ❣❡♥t✐❧❧❡ss❡ ❡t t❛ ❞✐s♣♦♥✐❜✐❧✐té✳ ❏✬❛✐ ❛♣♣ré❝✐é ❝❤❛❝✉♥❡ ❞❡ ♥♦s ❝♦♥✈❡rs❛t✐♦♥s✱
s❝✐❡♥t✐✜q✉❡s ♦✉ ♥♦♥✳ ❚♦♥ ❡①♣ér✐❡♥❝❡ ❡t t♦♥ ♦✉✈❡rt✉r❡ ❞✬❡s♣r✐t ♠✬♦♥t été ❞✬✉♥❡
❛✐❞❡ ♣ré❝✐❡✉s❡✳ ❏✬❡s♣èr❡ q✉❡ ❝❡❧❛ ❞✉r❡r❛ ❡♥❝♦r❡ ❞❡ ♥♦♠❜r❡✉s❡s ❛♥♥é❡s✳ ▼❡r❝✐
◆✐❝♦❧❡ ❞❡ ♠✬❛✈♦✐r tr❛♥s♠✐s ✉♥ ♣❡✉ ❞❡ t❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t ❞❡ t❛ ♣❛ss✐♦♥ ♣♦✉r
❧❛ r❡❝❤❡r❝❤❡✳ ❏✬❛✐ ♥♦♥ s❡✉❧❡♠❡♥t ❡✉ ❧❡ ♣r✐✈✐❧è❣❡ ❞❡ ♣♦✉✈♦✐r ❢❛✐r❡ ✉♥❡ t❤ès❡✱
♠❛✐s é❣❛❧❡♠❡♥t ❝❡❧✉✐ ❞✬êtr❡ ❧✬ét✉❞✐❛♥t ❞✬✉♥❡ s❝✐❡♥t✐✜q✉❡ ❞❡ t❛ q✉❛❧✐té✳

❏❡ ✈♦✉❞r❛✐s é❣❛❧❡♠❡♥t r❡♠❡r❝✐❡r ❧❡s ❧❛❜♦r❛t♦✐r❡s ❞♦♥t ❥✬❛✐ ❡✉ ❧❡ ♣❧❛✐s✐r
❞❡ ❢❛✐r❡ ♣❛rt✐❡ ♣❡♥❞❛♥t ♠❛ t❤ès❡ ♦✉ ♣❡♥❞❛♥t ♠❡s ét✉❞❡s✳ ▲✬✐♥st✐t✉t ❞✬❛s✲
tr♦♣❤②s✐q✉❡ ❙♣❛t✐❛❧❞❡ ❧✬✉♥✐✈❡rs✐té ❞✬❖rs❛② ♦ù✱ ❣râ❝❡ à ❍❡r✈é ❉♦❧❡✱ ❥✬❛✐ ❡✉ ❧❡
♣❧❛✐s✐r ❞❡ ❝♦♥♥❛îtr❡ ♠❛ ♣r❡♠✐èr❡ ❡①♣ér✐❡♥❝❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❡♥ ❛str♦♣❤②s✐q✉❡✳
▲✬❛str♦♥♦♠② ❛♥❞ ❛str♦♣❤②s✐❝ ❣r♦✉♣ ❞❡ ❧✬✉♥✐✈❡rs✐té ❞❡ ●❧❛s❣♦✇ ♦ù ❏♦❤♥ ❇r♦✇♥
❡t ❘♦ss ●❛❧❧♦✇❛② ♠✬♦♥t ❛❝❝✉❡✐❧❧✐ ❝❤❛❧❡✉r❡✉s❡♠❡♥t ❡♥ ♠❡ ♣r♦♣♦s❛♥t ✉♥ s✉❥❡t
❞❡ r❡❝❤❡r❝❤❡ ♣❛ss✐♦♥♥❛♥t✱ ❡t ❛✈❡❝ q✉✐ ❥✬❛✉r❛✐s t♦✉❥♦✉rs ❧❡ ♣❧✉s ❣r❛♥❞ ♣❧❛✐s✐r ❞❡
♣♦✉✈♦✐r ❝♦❧❧❛❜♦r❡r✳ ❏❡ r❡♠❡r❝✐❡ ❧❡ ▲❊❙■❆ ❡t ❧✬❖❜s❡r✈❛t♦✐r❡ ❞❡ P❛r✐s✲▼❡✉❞♦♥
♣♦✉r ♠✬❛✈♦✐r ♣❡r♠✐s ❞✬❡✛❡❝t✉❡r ♠❛ t❤ès❡ ❞❛♥s ❞❡ s✐ ❜♦♥♥❡s ❝♦♥❞✐t✐♦♥s ❡t ❞❛♥s
✉♥ ❝❛❞r❡ ❛❣ré❛❜❧❡✳
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❇✐❡♥ sûr✱ ❧❛ q✉❛❧✐té ❞❡ ❝❡s ❧❛❜♦r❛t♦✐r❡s✱ s❝✐❡♥t✐✜q✉❡♠❡♥t ❡t ❤✉♠❛✐♥❡♠❡♥t✱
❡st ❧❛ ❝♦♥séq✉❡♥❝❡ ❧♦❣✐q✉❡ ❞❡ ❧❛ q✉❛❧✐té ❞❡s ♣❡rs♦♥♥❡s q✉✐ ② tr❛✈❛✐❧❧❡♥t ✿ ✐♥✲
❣é♥✐❡✉rs✱ t❡❝❤♥✐❝✐❡♥s✱ ❛❞♠✐♥✐str❛t✐❢s✱ ét✉❞✐❛♥ts ❡t ❝❤❡r❝❤❡✉rs✱ ❡t ❥❡ ❧❡✉r ❛❞r❡ss❡
à t♦✉s ♠❡s ♣❧✉s s✐♥❝èr❡s r❡♠❡r❝✐❡♠❡♥ts✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❈r✐s✱ ❉❡♥✐s✱ P❛tr✐❝✐❛✱
❏❛❝q✉❡❧✐♥❡✱ ❧❡s ét✉❞✐❛♥ts ❞✉ ▲❊❙■❆ ❡t ❧❡s ♠❡♠❜r❡s ❞✉ ❝♦♥s❡✐❧ ❞❡ ❧❛❜♦r❛t♦✐r❡
q✉✐ ♠✬♦♥t ♣❡r♠✐s ❞✬❛♣♣ré❝✐❡r ❡t ❞❡ ♣❛rt✐❝✐♣❡r ❛❝t✐✈❡♠❡♥t à ❧❛ ✈✐❡ ❞❡ ♠♦♥ ❧❛❜✲
♦r❛t♦✐r❡✳ P❛r♠✐ ❧❡s ét✉❞✐❛♥ts ❞✉ ▲❊❙■❆✱ ♣❛ssés ❡t ♣rés❡♥ts✱ ❥✬❛✐ ✉♥❡ ♣❡♥sé ♣❛r✲
t✐❝✉❧✐èr❡ ♣♦✉r ▼❛❣❞❛✱ ❙❛♥❞r✐♥❡✱ ❙♦♣❤✐❡✱ ❘❤✐t❛✲▼❛r✐❛✱ ❙♦♥❥❛✱ ❊r✇❛♥✱ ❳❛✈✐❡r✱
▲❛✉r❡♥t✱ ❆r♥❛✉❞✱ ❙é❜❛st✐❡♥✱ ❨❛♥♥✐❝❦✱ ❙t❡♣❛♥✱ ❱r❛t✐s❧❛✈✱ ❏✉❧✐❡♥ ❡t P✐❡rr❡✳

❏❡ ♣❡♥s❡ é❣❛❧❡♠❡♥t ❛✉① ♠❡♠❜r❡s ♣❡r♠❛♥❡♥ts ♦✉ ♥♦♥✱ ❛❝t✉❡❧s ♦✉ ♥♦♥✱ ❞✉
♣ô❧❡ ♣❧❛s♠❛ ❞✉ ▲❊❙■❆ ❡t ❞✉ ❜ât✐♠❡♥t ✶✻ ✿ ❖❧❣❛✱ P✐❡rr❡✲▲✉❝✱ ❏❡❛♥✲▲♦✉✐s✱
❆r♥❛✉❞✱ ❳❛✈✐❡r✱ ❈❛r✐♥❡✱ ❇❛♣t✐st❡✱ ▼♦✉st❛♣❤❛✱ ❏❡❛♥✲▼❛t❤✐❛s✱ ❏✉❧✐❡♥✱ ▼❛❣❞❛✱
P✐❡rr❡✱ ❙é❜❛st✐❡♥✱ ❙❛♥❣✱ ❑❛r✐♥❡✱ ❱r❛t✐s❧❛✈✱ ❈❛t❤❡r✐♥❡✱ ▲❛✉r❡♥t✱ ❆❧❛✐♥✱ ◆✐❝♦❧❡✱
▼✐❧❛♥✱ ❆♥❞ré✱ ▲♦r❡♥③♦✱ ◆✐❝♦❧❡✱ ❏❡❛♥✲P✐❡rr❡✱ ▼✐❝❤❡❧✱ ◗✉②♥❤ ◆❤✉✱ ❋✐❧✐♣♣♦✱
❘❡♥é❡✱ ❏❡❛♥✲❋r❛♥ç♦✐s✱ ❆✉ré❧✐❡✱ ❙t❡♣❛♥✱ ❙♦✉❞❛✱ ❙♦♥❥❛✱ P❤✐❧✐♣♣❡✱ ❆r♥❛✉❞✱ ❨❛♥✲
♥✐s✱ s❛♥s ♦✉❜❧✐❡r ❇❡♥♦✐t q✉✐ ♥♦✉s ❛ ♠❛❧❤❡✉r❡✉s❡♠❡♥t q✉✐tté tr♦♣ tôt✳ ▼❡r❝✐ à
t♦✉s ♣♦✉r ❝❡s ❛❣ré❛❜❧❡s ♠♦♠❡♥ts ♣❛ssé ❡♥ ✈♦tr❡ ❝♦♠♣❛❣♥✐❡✱ ♣♦✉r t♦✉t❡s s❡s
❞✐s❝✉ss✐♦♥s ♣❡♥❞❛♥t ❧❡ ❞é❥❡✉♥❡r ♦✉ ❞❡✈❛♥t ✉♥ ❝❛❢é✳ ❏✬❡s♣èr❡ q✉❡ ♠♦♥ ❡s♣r✐t ❞❡
❝♦♥tr❛❞✐❝t✐♦♥ ❡t ♠♦♥ ❛♠♦✉r ❞✉ ❞é❜❛t ♥❡ ✈♦✉s ♦♥t ♣❛s tr♦♣ ❢❛t✐❣✉é✳

❆✉ ❞❡❧à ❞❡s ❧❛❜♦r❛t♦✐r❡s✱ ❝✬❡st ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❝♦♠♠✉♥❛✉té ❞❡s ♣❧❛s♠❛s
s♣❛t✐❛✉①✱ ❡t t♦✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❛ ❝♦♠♠✉♥❛✉té ❢r❛♥ç❛✐s❡ ré✉♥✐s ❞❛♥s
❧❡ ♣r♦❣r❛♠♠❡ ♥❛t✐♦♥❛❧❡ ❙♦❧❡✐❧✲❚❡rr❡ ❛✈❡❝ ◆✐❝♦❧❡✱ ▼❛t❤✐❡✉✱ ➱r✐❝✱ ◆✐❝♦❧❛s✱
●✉✐❧❧❛✉♠❡✱ ▲✉❞✇✐❣✱ P❛s❝❛❧ ❡t ❧❡s ❛✉tr❡s✱ q✉❡ ❥❡ r❡♠❡r❝✐❡ ♣♦✉r ❧❡✉r ❛❝❝✉❡✐❧✳

❊♥✜♥✱ ❥❡ r❡♠❡r❝✐❡ é♥♦r♠é♠❡♥t ♠❡s ❛♠✐s✱ ▲❛ët✐t✐❛ ❡t ♥♦s ❞❡✉① ❢❛♠✐❧❧❡s ♣♦✉r
❛✈♦✐r été ❧✬✐♥❞✐s♣❡♥s❛❜❧❡ ❛♥❝r❡ s♦❝✐❛❧ q✉✐ ♠✬❛ ♣❡r♠✐s ❞❡ ✈✐✈r❡ ♣❧❡✐♥❡♠❡♥t ❝❡s
tr♦✐s ❞❡r♥✐èr❡s ❛♥♥é❡s✳ ❏❡ ♥❡ s❡r❛✐s ❝❡rt❛✐♥❡♠❡♥t ♣❛s ❡♥ tr❛✐♥ ❞✬é❝r✐r❡ ❝❡s ❧✐❣♥❡s
s❛♥s ❧❡ s♦✉t✐❡♥ q✉❡ ❥✬❛✐ r❡ç✉ ❞❡ ✈♦tr❡ ♣❛rt à t♦✉s ♣❡♥❞❛♥t ❞❡ s✐ ♥♦♠❜r❡✉s❡s
❛♥♥é❡s✳



❘és✉♠é ✿

❉❡♣✉✐s ❧❡s ♣r❡♠✐èr❡s ♠❡s✉r❡s ✐♥ s✐t✉ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡♥ ✶✾✻✵✱ ❧❡s ♣r♦♣r✐étés
♠❛❝r♦s❝♦♣✐q✉❡s ❡t ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❝❡ ♣❧❛s♠❛ é❥❡❝té ♣❛r ❧❡ ❙♦❧❡✐❧ ♦♥t été
✐♥t❡♥s✐✈❡♠❡♥t ét✉❞✐é❡s✱ t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ t❤é♦r✐q✉❡ q✉✬♦❜s❡r✈❛t✐♦♥♥❡❧✳ ❆✉✲
❥♦✉r❞✬❤✉✐ ❡♥❝♦r❡✱ ❝❡rt❛✐♥❡s ❞❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ s♦♥t ✐♥❝♦♠♣r✐s❡s✱
❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❡ tr❛♥s♣♦rt ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ♣❡✉ ❝♦❧❧✐s✐♦♥✲
♥❡❧✳ ▼❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s ❡t ❧❡✉rs ♣r♦♣r✐étés ♥♦♥
t❤❡r♠✐q✉❡ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s ♣r♦♣r✐étés ❞✉ tr❛♥s♣♦rt✳ P♦✉r
❝❡ ❢❛✐r❡✱ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❡st ✉♥ ♦✉t✐❧ ✜❛❜❧❡✱ ❡♥ ét❛♥t
♠♦✐♥s s❡♥s✐❜❧❡ ❛✉① ♣❡rt✉r❜❛t✐♦♥s ♣r♦❞✉✐t❡s ♣❛r ❧❡ s❛t❡❧❧✐t❡ q✉❡ ❧❡s ❞ét❡❝t❡✉rs
❞❡ ♣❛rt✐❝✉❧❡s ❝❧❛ss✐q✉❡s✳ ▲❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❡st ♣r♦❞✉✐t ♣❛r ❧❡s ✢✉❝t✉✲
❛t✐♦♥s ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❝❛✉sé❡s ♣❛r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ❝❤❛r❣❡s ❞✉ ♣❧❛s♠❛
❞✐r❡❝t❡♠❡♥t ♠❡s✉ré❡s ♣❛r ✉♥❡ ♣❛✐r❡ ❞✬❛♥t❡♥♥❡s r❡❧✐é❡ à ✉♥ ré❝❡♣t❡✉r r❛❞✐♦
s✉✣s❛♠♠❡♥t s❡♥s✐❜❧❡✳ ▲✬ét✉❞❡ ❞❡ ❝❡ ❜r✉✐t ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ♠♦♠❡♥ts
❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡s ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉❡ ♥♦♠❜r❡✉① rés✉❧t❛ts ♦♥t ❛✐♥s✐
été ♦❜t❡♥✉s à ♣❛rt✐r ❞✉ ré❝❡♣t❡✉r r❛❞✐♦ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡✱ ❡♥ ❞é❝r✐✈❛♥t ❧❡s
❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s ♣❛r ✉♥❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s✳ ❈❡♣❡♥❞❛♥t ✉♥❡
❧✐♠✐t❛t✐♦♥ ❞❡ ❧✬✐♥str✉♠❡♥t ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ♠❡s✉r❡r ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ s✉✛✲
✐s❛♥t❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ✉♥ t❡❧ ♠♦❞è❧❡ ❞❡ ❢♦♥❝t✐♦♥s ❞❡
❞✐str✐❜✉t✐♦♥✳ P♦✉r ♣❛❧❧✐❡r à ❝❡ ♣r♦❜❧è♠❡✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡s
s♣❡❝tr❡s ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✱ ✉t✐❧✐s❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡
t②♣❡ ❦❛♣♣❛ ❡st ♣r♦♣♦sé❡✳ ❙♦♥ ❛♣♣❧✐❝❛t✐♦♥ ❛✉① ❞♦♥♥é❡s ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ♣❡r✲
♠❡t ❞❡ ♠❡s✉r❡r ❧❡s ✈❛r✐❛t✐♦♥s ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s
é❧❡❝tr♦♥s ❡t ❞❡ ❧❡✉rs ♣r♦♣r✐étés s✉♣❡r t❤❡r♠✐q✉❡s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ▲❡ ♣r♦✲
✜❧ ❞❡ t❡♠♣ér❛t✉r❡ ♠♦♥tr❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❛❞✐❛❜❛t✐q✉❡
❡t ✐s♦t❤❡r♠❡✱ ❡t ❧❡ ♣❛r❛♠ètr❡ κ ❡st ❝♦♥st❛♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧✳ ❈❡s
rés✉❧t❛ts s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✳

▲❡ ✈❡♥t s♦❧❛✐r❡ ❡st é❣❛❧❡♠❡♥t ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♦❜❥❡ts ❞✉
❙②stè♠❡ ❙♦❧❛✐r❡✳ ❉❡✉① ❡①❡♠♣❧❡s ❞✬✐♥t❡r❛❝t✐♦♥s ♣❧❛s♠❛✲♣♦✉ss✐èr❡s s♦♥t ♣rés❡♥✲
tés ❞❛♥s ❧❛ ❞❡✉①✐è♠❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ t❤ès❡ ✿ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s
❡t ❧❡✉rs ❞é❝♦✉✈❡rt❡s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ à ✉♥❡ ✉♥✐té ❛str♦♥♦♠✐q✉❡ ❀ ❡t ❧❛ ♠♦❞✲
✐✜❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡ ♣❛r ❧❡s ♣♦✉ss✐èr❡s ❝♦♠ét❛✐r❡s✳

❊♥✜♥✱ ✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♣❧✉s ❣❧♦❜❛❧ ❡st ❛❞♦♣té✳ ❯♥❡ ❝♦♠♣❛r❛✐s♦♥ ❞✉ ✢✉①
❞✬é♥❡r❣✐❡✱ q✉✐ ❞❛♥s ❧❡ ❝❛s ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡st ♦❜s❡r✈é ❝♦♠♠❡ ét❛♥t très st❛❜❧❡
t❡♠♣♦r❡❧❧❡♠❡♥t ❡t s♣❛t✐❛❧❡♠❡♥t✱ ❡st ❡✛❡❝t✉é❡ ♣♦✉r ❞❡ ♥♦♠❜r❡✉① ✈❡♥ts st❡❧✲
❧❛✐r❡s✳ ❈❡tt❡ ❝♦♠♣❛r❛✐s♦♥ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ s✐♠✐❧✐t✉❞❡ ❡♥tr❡ ❧❡s ét♦✐❧❡s ❞❡
t②♣❡s s♦❧❛✐r❡ ❡t ❧❡s ❣é❛♥t❡s ❢r♦✐❞❡s✱ ❛✐♥s✐ q✉✬✉♥❡ é✈❡♥t✉❡❧❧❡ ❝♦♥séq✉❡♥❝❡ ❞❡
❧✬❛❝❝rét✐♦♥ ❞❡ ♠❛t✐èr❡ s✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❞❡s ❚✲❚❛✉r✐✳



❙t✉❞② ♦❢ s♦❧❛r ✇✐♥❞ ❧❛r❣❡✲s❝❛❧❡ ♣r♦♣❡rt✐❡s

❆❜str❛❝t ✿

❙✐♥❝❡ t❤❡ ✜rst ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ s♦❧❛r ✇✐♥❞ ✐♥ ✶✾✻✵✱ t❤❡ ♣r♦♣❡rt✐❡s
♦❢ t❤✐s ♣❧❛s♠❛ ♦✉t✢♦✇ ❢r♦♠ t❤❡ ❙✉♥ ❤❛s ❜❡❡♥ ✐♥t❡♥s✐✈❡❧② st✉❞✐❡❞✱ t❤❡♦r❡t✐✲
❝❛❧❧② ❛♥❞ ❜② ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥ts✳ ❍♦✇❡✈❡r✱ s♦♠❡ ❢❡❛t✉r❡s st✐❧❧ r❡♠❛✐♥ ♥♦t
✉♥❞❡rst♦♦❞✱ ❛s t❤❡ tr❛♥s♣♦rt ♦❢ t❤❡ ❡♥❡r❣② ✐♥ ❝♦❧❧✐s✐♦♥❧❡ss ♣❧❛s♠❛s ❧✐❦❡ t❤❡
s♦❧❛r ✇✐♥❞✳ ▼❡❛s✉r✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥s ❛♥❞ t❤❡✐r ♥♦♥t❤❡r♠❛❧
♣r♦♣❡rt✐❡s ❝❛♥ ❣✐✈❡ ✐♠♣♦rt❛♥t ❝❧✉❡s t♦ ✉♥❞❡rst❛♥❞ t❤❡ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s✳
◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✐s ❛ r❡❧✐❛❜❧❡ t♦♦❧ ❢♦r ♠❡❛s✉r✐♥❣ ❛❝❝✉r❛t❡❧②
t❤❡ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ❛♥❞ t❡♠♣❡r❛t✉r❡ s✐♥❝❡ ✐t ✐s ❧❡ss s❡♥s✐t✐✈❡ t♦ t❤❡ s♣❛❝❡❝r❛❢t
♣❡rt✉r❜❛t✐♦♥s t❤❛♥ ♣❛rt✐❝❧❡ ❞❡t❡❝t♦rs✳ ❚❤✐s ♥♦✐s❡ ✐s ♣r♦❞✉❝❡❞ ❜② t❤❡ q✉❛s✐✲
t❤❡r♠❛❧ ✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ❛♥❞ ❛❧❧♦✇ t♦ ♠❡❛s✉r❡ t❤❡ ♠♦♠❡♥ts ♦❢
t❤❡✐r ✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥s✳ ❚❤✐s ♠❡t❤♦❞✱ ✉s✐♥❣ ❛ s✉♠ ♦❢ ▼❛①✇❡❧❧✐❛♥ ❛s t❤❡
❡❧❡❝tr♦♥ ✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥✱ ❤❛s ♣r♦❞✉❝❡❞ ❛ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ r❡s✉❧ts ✇✐t❤ t❤❡
❯❧②ss❡s ♠✐ss✐♦♥✳ ◆❡✈❡rt❤❡❧❡ss✱ s♦♠❡ ❧✐♠✐t❛t✐♦♥s ♦♥ t❤❡ r❛❞✐♦ r❡❝❡✐✈❡r ♦♥ ❜♦❛r❞
❯❧②ss❡s ♣r❡✈❡♥t ❛♥ ❛❝❝✉r❛t❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ t♦t❛❧ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡
❡❧❡❝tr♦♥s ✇✐t❤ ❛ s✉♠ ♦❢ ▼❛①✇❡❧❧✐❛♥✳ ❆ ♥❡✇ ♠❡t❤♦❞ ✉s✐♥❣ ❦❛♣♣❛ ❞✐str✐❜✉t✐♦♥
✐s ♣r♦♣♦s❡❞ t♦ ✐♠♣r♦✈❡❞ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❡❧❡❝tr♦♥ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡✲
♠❡♥ts✳ ■ts ❛♣♣❧✐❝❛t✐♦♥ ♦♥ t❤❡ ❯❧②ss❡s ❞❛t❛ ❛❧❧♦✇s t♦ ②✐❡❧❞ t❤❡ r❛❞✐❛❧ ❡✈♦❧✉t✐♦♥
♦❢ t❤❡ ❡❧❡❝tr♦♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡✐r ♥♦♥t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s✳ ❆ ♣r❡❧✐♠✐♥❛r②
❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❡①♦s♣❤❡r✐❝ ♠♦❞❡❧s s❤♦✇s t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❣r❡❡♠❡♥ts ✿ ❛ ✈❛r✐❛✲
t✐♦♥ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ❜❡t✇❡❡♥ ❛♥ ❛❞✐❛❜❛t✐❝ ❛♥❞ ✐s♦t❤❡r♠❛❧ ❜❡❤❛✈✐♦✉r✱ ❛♥❞
❛ ❝♦♥st❛♥t κ ♣❛r❛♠❡t❡r✳

❚❤❡ s♦❧❛r ✇✐♥❞ ✐♥t❡r❛❝ts ❛❧s♦ ✇✐t❤ ❛❧❧ t❤❡ ♦❜❥❡❝ts ♦❢ t❤❡ ❙♦❧❛r ❙②st❡♠✳ ❚✇♦
❡①❛♠♣❧❡s ♦❢ ♣❧❛s♠❛✲❞✉st ✐♥t❡r❛❝t✐♦♥s ❛r❡ st✉❞✐❡❞ ✐♥ t❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤✐s
t❤❡s✐s ✿ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ♥❛♥♦ ❞✉st ❜② t❤❡ s♦❧❛r ✇✐♥❞ ❛♥❞ t❤❡✐r ❞❡t❡❝t✐♦♥
✐♥ t❤❡ s♦❧❛r ✇✐♥❞ ❛t ♦♥❡ ❛str♦♥♦♠✐❝ ✉♥✐t ❀ ❛♥❞ t❤❡ ✐♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝
✜❡❧❞ ❡♥❤❛♥❝❡♠❡♥ts ♣♦ss✐❜❧② ❞✉❡ t♦ ❛♥ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s♦❧❛r ✇✐♥❞ ❛♥❞
❝♦♠❡t❛r② ❞✉st✳

❋✐♥❛❧❧②✱ ❛ ♠♦r❡ ❣❧♦❜❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇ ✐s t❛❦❡♥✳ ❚❤❡ ❡♥❡r❣② ✢✉① ♦❢ t❤❡ s♦❧❛r
✇✐♥❞ ✐s ❛❧♠♦st ❝♦♥st❛♥t✱ ♥❡❛r❧② ✐♥❞❡♣❡♥❞❡♥t ♦♥ ✇✐♥❞ s♣❡❡❞ ❛♥❞ s♦❧❛r ❛❝t✐✈✐t②✳
❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡♥❡r❣② ✢✉① ♦❢ ❛ s♣r❡❛❞ ♦❢ st❡❧❧❛r ✇✐♥❞s ✐s ♠❛❞❡✳ ❆ s❤❛r❡❞
♣r♦❝❡ss ❛t t❤❡ ♦r✐❣✐♥ ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ t❤❡ ♠❛✐♥✲s❡q✉❡♥❝❡ st❛rs ❛♥❞ ❝♦♦❧
❣✐❛♥ts✬ ✇✐♥❞s ✐s s✉❣❣❡st❡❞✳ ❚✲❚❛✉r✐ st❛rs✬ ✇✐♥❞s s❤♦✇ ❛ ♣♦ss✐❜❧❡ r❡s✉❧t ♦❢ ❛♥
❛❝❝r❡t✐♦♥ ♣♦✇❡r❡❞ ✇✐♥❞✳
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✶ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡ ✶

■ ▼❡s✉r❡s ❡t ♣r♦♣r✐étés ❞❡s é❧❡❝tr♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡ ✼

✷ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts ❞❡ ❜❛s❡ ✾
✷✳✶ Pr✐♥❝✐♣❡s ❡t ✐♥térêts ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✷✳✶✳✶ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❡t ré❝❡♣t❡✉r r❛❞✐♦ ✳ ✳ ✳ ✳ ✶✵
✷✳✶✳✷ ❙♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✷ ❉✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✷✳✷✳✶ ❖❜s❡r✈❛t✐♦♥s ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ ✈❡♥t

s♦❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✷✳✷✳✷ ▲❡s ❞✐str✐❜✉t✐♦♥s ✉t✐❧✐sé❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❜r✉✐t q✉❛s✐✲

t❤❡r♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✷✳✸ ▲❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✷✳✹ ▲❡ ❜r✉✐t ❞✬✐♠♣❛❝t ♦✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡✱ ❡t ❧✬✐♠♣é❞❛♥❝❡ ❞✬❛♥t❡♥♥❡ ✶✾
✷✳✺ ▲❡ ❜r✉✐t ❞❡s ✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵
✷✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✸ ▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡ ✷✶
✸✳✶ ❙♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ♣♦✉r ❧❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶
✸✳✷ ▲❡s ❞❡✉① ♣r❡♠✐❡rs ♣❛ss❛❣❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶
✸✳✸ ▲❡ tr♦✐s✐è♠❡ ❡t ❞❡r♥✐❡r ♣❛ss❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✸✳✹ ❘és✉♠é ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✹ ❉✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ✧❦❛♣♣❛✧ ✸✸
✹✳✶ P❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✹✳✷ ❇r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✷✳✶ ▼ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✹✳✷✳✷ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✹✳✸ ❊✛❡ts ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ s✉r ❧❡s ❛✉tr❡s ❜r✉✐ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✹✳✸✳✶ ❇r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✹✳✸✳✷ ❇r✉✐t ❞❡s ♣r♦t♦♥s ❞é❝❛❧é ❉♦♣♣❧❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✹ ❘és✉♠é ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
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✺ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s ❞❡s é❧❡❝✲
tr♦♥s ✹✸
✺✳✶ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s ❡t ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ✹✸
✺✳✷ ❱❛r✐❛t✐♦♥s r❛❞✐❛❧❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡s ♣r♦♣r✐étés ♥♦♥✲

t❤❡r♠✐q✉❡s ❞❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✺✳✷✳✶ ❘és✉❧t❛ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✺✳✷✳✷ ❈♦♠♣❛r❛✐s♦♥s ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✺✸

✺✳✸ ❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

■■ ■♥t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ❧❡s ♣♦✉ss✐èr❡s ❡t
♦✉✈❡rt✉r❡ ❛✉① ✈❡♥ts st❡❧❧❛✐r❡s ✺✾

✻ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✻✶
✻✳✶ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶
✻✳✷ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸
✻✳✸ ❉ét❡❝t✐♦♥ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❛✈❡❝ ✉♥ ✐♥str✉♠❡♥t r❛❞✐♦ ✳ ✳ ✳ ✳ ✻✸

✻✳✸✳✶ ▲❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s s✬ét❡♥❞❛♥t ❧♦✐♥ ❞✉ s❛t❡❧❧✐t❡ ✳ ✳ ✳ ✳ ✳ ✻✺
✻✳✸✳✷ ▲❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s ♣rès ❞✉ s❛t❡❧❧✐t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✻✳✹ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❡t ❙❚❊❘❊❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼
✻✳✹✳✶ ▲✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❞❡ ♣✉✐ss❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼
✻✳✹✳✷ ❱❛r✐❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞✉ ♥♦♠❜r❡ ❞✬✐♠♣❛❝ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✻✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✼ ▲❡s ✧■♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝ ❋✐❡❧❞ ❊♥❤❛♥❝❡♠❡♥ts✧ ✭■❋❊✮ ✼✺
✼✳✶ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡s tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s ✳ ✳ ✼✺
✼✳✷ ▲❡s ■❋❊ ✈✉❡s ♣❛r ❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✼✳✷✳✶ ➱✈♦❧✉t✐♦♥ ❞✉ ♣❧❛s♠❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
✼✳✷✳✷ ▲✬é✈è♥❡♠❡♥t ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✼✳✸ ❈♦♥❝❧✉s✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✽ ▲❡s ✈❡♥ts st❡❧❧❛✐r❡s ✿ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ✽✶
✽✳✶ ▲❡ ❙♦❧❡✐❧ ❡♥ t❛♥t q✉✬ét♦✐❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
✽✳✷ ▲❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✽✳✸ ▲❡s ✈❡♥ts st❡❧❧❛✐r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✽✳✹ ❈♦♥❝❧✉s✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✾ ❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s ✽✼

❆ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts ✾✶
❆✳✶ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

❆✳✶✳✶ ▲✬♦❞②ssé❡ ❞✬❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s ①✐

❆✳✶✳✷ ▲❛ s❝✐❡♥❝❡ ❡t ❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺
❆✳✶✳✸ ▲✬✐♥str✉♠❡♥t r❛❞✐♦ ❯❘❆P ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼
❆✳✶✳✹ ▲✬❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s ❙❲❖❖P❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽
❆✳✶✳✺ ▲✬❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s ❙❲■❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵
❆✳✶✳✻ ▲❡s ♠❛❣♥ét♦♠ètr❡s ❱❍▼✴❋●▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

❆✳✷ ▲❛ ♠✐ss✐♦♥ ❲■◆❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸
❆✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸
❆✳✷✳✷ ▲✬✐♥str✉♠❡♥t ❙❲❊✴❋❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

❆✳✸ ▲❛ ♠✐ss✐♦♥ ❙❚❊❘❊❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺
❆✳✸✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺
❆✳✸✳✷ ▲✬✐♥str✉♠❡♥t ❙✴❲❆❱❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

❇ P✉❜❧✐❝❛t✐♦♥s ✶✵✾
❇✳✶ ❊❧❡❝tr♦♥ ♣r♦♣❡rt✐❡s ♦❢ ❤✐❣❤✲s♣❡❡❞ s♦❧❛r ✇✐♥❞ ❢r♦♠ ♣♦❧❛r ❝♦r♦♥❛❧

❤♦❧❡s ♦❜t❛✐♥❡❞ ❜② ❯❧②ss❡s t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✿ ◆♦t s♦
❞❡♥s❡✱ ♥♦t s♦ ❤♦t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

❇✳✷ ❯❧②ss❡s ♠✐ss✐♦♥ ✿ t❤❡ ❡♥❞ ♦❢ ❛♥ ♦❞②ss❡② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻
❇✳✸ ❙t✉❞② ♦❢ st❡❧❧❛r ✇✐♥❞ ❡♥❡r❣② ✢✉① ✿ ❢r♦♠ t❤❡ ❙✉♥ t♦ ❇❡t❡❧❣❡✉s❡ ✶✷✶
❇✳✹ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ ✐♥ s♣❛❝❡ ♣❧❛s♠❛ ✿ ✑❦❛♣♣❛✑ ❞✐str✐❜✉t✐♦♥s ✳ ✳ ✶✷✻
❇✳✺ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✿ ♣r❡❧✐♠✐♥❛r② ❝♦♠♣❛r✐s♦♥ ❜❡✲

t✇❡❡♥ ❦❛♣♣❛ ❛♥❞ s✉♠ ♦❢ t✇♦ ▼❛①✇❡❧❧✐❛♥ ❞✐str✐❜✉t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✶✸✸
❇✳✻ ❉❡t❡❝t✐♦♥ ♦❢ ❢❛st ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ t❤❡ s♦❧❛r ✇✐♥❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✽

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✹✸





❈❤❛♣✐tr❡ ✶

■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

▲❡ ✈❡♥t s♦❧❛✐r❡ ❡st ✉♥ é❝♦✉❧❡♠❡♥t ❝♦♥t✐♥✉ ❞❡ ♣❛rt✐❝✉❧❡s ✐♦♥✐sé❡s✱ ♣r✐♥❝✐✲
♣❛❧❡♠❡♥t ❞❡s é❧❡❝tr♦♥s✱ ❞❡s ♣r♦t♦♥s ❡t ❞❡s ♥♦②❛✉① ❞✬❤é❧✐✉♠✱ s✬é❝❤❛♣♣❛♥t ❞❡
❧✬❛ttr❛❝t✐♦♥ ❞✉ ❙♦❧❡✐❧ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ très ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ❡①✲
t❡r♥❡ ❞❡ s♦♥ ❛t♠♦s♣❤èr❡✱ ❛♣♣❡❧é❡ ❝♦✉r♦♥♥❡✳ ▲❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s
❛❜♦✉t✐ss❛♥t à ❝❡tt❡ é❥❡❝t✐♦♥ ❞❡ ♣❧❛s♠❛ ❡st ✉♥ ♣r♦❜❧è♠❡ ♦✉✈❡rt ❡t ✉♥✐✈❡rs❡❧✱
❧❡ ✈❡♥t s♦❧❛✐r❡ ét❛♥t ❧✬❡①❡♠♣❧❡ ❧❡ ♣❧✉s ❛❝❝❡ss✐❜❧❡ ❞✬é❥❡❝t✐♦♥ ❞❡ ♠❛t✐èr❡ ♣❛r ✉♥
♦❜❥❡t ❛str♦♣❤②s✐q✉❡✳

▲✬❤②♣♦t❤ès❡ ❞❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ✈❡♥t s♦❧❛✐r❡ ❢✉t ❢❛✐t❡ à ♣❛rt✐r ❞❡ ✶✾✹✸ ❛✜♥
❞✬❡①♣❧✐q✉❡r ❧✬♦r✐❡♥t❛t✐♦♥ ❛♥t✐✲s♦❧❛✐r❡ ❞❡s q✉❡✉❡s ❝♦♠ét❛✐r❡s ✭❍♦✛♠❡✐st❡r✱ ✶✾✹✸✱
❇✐❡r♠❛♥♥✱ ✶✾✹✻✮✳ ❊♥ ✶✾✺✽✱ ❊✳ ◆✳ P❛r❦❡r ♣r♦♣♦s❛ ✉♥ ♠♦❞è❧❡ ✢✉✐❞❡ ❞❡ ✈❡♥t ❡♥
♠♦♥tr❛♥t q✉✬✉♥❡ ❝♦✉r♦♥♥❡ s♦❧❛✐r❡ à ✉♥ ♠✐❧❧✐♦♥ ❞❡ ❞❡❣rés ♥❡ ♣❡✉t ♣❛s êtr❡ à
❧✬éq✉✐❧✐❜r❡ ❤②❞r♦st❛t✐q✉❡ ❝♦♠♣t❡ t❡♥✉ ❞❡ ❧❛ ❢❛✐❜❧❡ ♣r❡ss✐♦♥ ❡①❡r❝é❡ ♣❛r ❧❡ ♠✐❧✐❡✉
✐♥t❡rst❡❧❧❛✐r❡ s✉r ❧❡ ❙♦❧❡✐❧ ✭P❛r❦❡r✱ ✶✾✺✽✮✱ ❡t ❞♦♥t ❧❛ s♦❧✉t✐♦♥ tr❛♥ss♦♥✐q✉❡ ♣❡r✲
♠❡tt❛✐t ❞✬❡①♣❧✐q✉❡r ❧❡s ♠❡s✉r❡s ❞❡s q✉❡✉❡s ❞❡ ❝♦♠èt❡s q✉✐ ❧❛✐ss❛✐❡♥t s✉♣♣♦s❡r
q✉❡ ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ét❛✐t ❡♥ ❡①♣❛♥s✐♦♥ r❛❞✐❛❧❡ ❡t s✉♣❡rs♦♥✐q✉❡ ✭❇✐❡r✲
♠❛♥♥✱ ✶✾✺✶✮✳ ❈❡tt❡ s♦❧✉t✐♦♥ ét❛✐t ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧❛ ❜r✐s❡ s✉❜s♦♥✐q✉❡ ❞❡
❈❤❛♠❜❡r❧❛✐♥ ✭✶✾✻✵✮✳ ❈♦♥tr❛✐r❡♠❡♥t à P❛r❦❡r✱ ❈❤❛♠❜❡r❧❛✐♥ ✉t✐❧✐s❡ ✉♥ ♠♦❞è❧❡
❝✐♥ét✐q✉❡ ❡t ♥♦♥ ❝♦❧❧✐s✐♦♥♥❡❧✳ ✶ ▲❡s ♣r❡♠✐èr❡s ♦❜s❡r✈❛t✐♦♥s ✐♥ s✐t✉ ♣❛r ❧❡s s♦♥✲
❞❡s s♣❛t✐❛❧❡s s♦✈✐ét✐q✉❡s ▲✉♥✐❦ ✷ ❡t ✸ ❡♥ ✶✾✻✵ ✭●r✐♥❣❛✉③ ❡t ❛❧✳✱ ✶✾✻✵✮✱ s✉✐✈✐❡s
❡♥ ✶✾✻✷ ♣❛r ❧❡s ♠❡s✉r❡s ❞❡ ❧❛ s♦♥❞❡ ▼❛r✐♥❡r ✷ ✭◆❡✉❣❡❜❛✉❡r ❡t ❙♥②❞❡r✱ ✶✾✻✷✮✱
❝♦♥✜r♠èr❡♥t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ✈❡♥t s✉♣❡rs♦♥✐q✉❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ♠♦❞è❧❡
✢✉✐❞❡ ❞❡ P❛r❦❡r s♦rt✐ ✈❛✐♥q✉❡✉r ❞❡ s♦♥ ♦♣♣♦s✐t✐♦♥ ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❝✐♥ét✐q✉❡ ❞❡
❈❤❛♠❜❡r❧❛✐♥✱ ❝❡ ❞❡r♥✐❡r ♥❡ ♣♦✉✈❛♥t ❛❝❝é❧ér❡r ❧❡ ♣❧❛s♠❛ ❥✉sq✉✬à ❞❡s ✈✐t❡ss❡s
s✉♣❡rs♦♥✐q✉❡s✳

❉❡ ♥♦♠❜r❡✉① ♠♦❞è❧❡s ✢✉✐❞❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ❢✉r❡♥t ❞é✈❡❧♦♣♣és ❡t ✉t✐❧✐sés
♣❛r ❧❛ s✉✐t❡✱ ♠❛✐s✱ ♠❛❧❣ré ❧❛ t❡♥t❛t✐✈❡ ✐♥✐t✐❛❧❡ ❞❡ ❈❤❛♠❜❡r❧❛✐♥✱ ❧❡s ❞❡s❝r✐♣✲
t✐♦♥s ❝✐♥ét✐q✉❡s ♥❡ ❢✉r❡♥t ♣❛s ❛❜❛♥❞♦♥♥é❡s✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❞ét❡r♠✐♥❡r ❧✬ét❛t
st❛t✐♦♥♥❛✐r❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ s♦❧❛✐r❡✱ ✐❧ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ❞❡ ❝♦♥♥❛îtr❡ ❧❡ ❝❤❛♠♣
é❧❡❝tr♦st❛t✐q✉❡ q✉✐ ② rè❣♥❡✱ ♦r ❝❡❧✉✐✲❝✐ ♥✬❡st ♣❛s ❧❡ ♠ê♠❡ ♣♦✉r ✉♥ é❝♦✉❧❡♠❡♥t
s✉❜s♦♥✐q✉❡ ♦✉ s✉♣❡rs♦♥✐q✉❡✳ ❈❤❛♠❜❡r❧❛✐♥ ✉t✐❧✐s❛ ❧❡ ❝❤❛♠♣ ❞❡ P❛♥♥❡❦♦❡❦✲

✶✳ ❯♥ ♣❧❛s♠❛ ♥♦♥ ❝♦❧❧✐s✐♦♥♥❡❧ ❡st ✉♥ ♣❧❛s♠❛ ❞♦♥t ❧❡s ♣❛rt✐❝✉❧❡s é✈♦❧✉❡♥t s♦✉s ❧✬❛❝t✐♦♥ ❞❡s

❢♦r❝❡s ❡①tér✐❡✉r❡s ✭❣r❛✈✐t❛t✐♦♥♥❡❧❧❡✱ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳✳✳✮ s❛♥s ❥❛♠❛✐s ✐♥t❡r❛❣✐r ❞✐r❡❝t❡♠❡♥t

❛✈❡❝ ✉♥❡ ❛✉tr❡ ♣❛rt✐❝✉❧❡ ♣❛r ❝♦❧❧✐s✐♦♥✳



✷ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

❘♦ss❡❧❛♥❞ ✷ q✉✐ ♥❡ s✬❛♣♣❧✐q✉❡ q✉❡ ❞❛♥s ❧❡ ❝❛s s✉❜s♦♥✐q✉❡✱ ❞✬♦ù s♦♥ é❝❤❡❝ ❢❛❝❡
❛✉ ♠♦❞è❧❡ ✢✉✐❞❡ ❞❡ P❛r❦❡r✳ ◗✉❡❧q✉❡s ❛♥♥é❡s ♣❧✉s t❛r❞✱ ▲❡♠❛✐r❡ ❡t ❙❝❤❡r❡r
✭✶✾✻✾✮ ♠♦♥trèr❡♥t q✉❡ ♣♦✉r ❛ss✉r❡r ❧❛ ♥❡✉tr❛❧✐té ❞✬✉♥ ♣❧❛s♠❛ ❡♥ ❡①♣❛♥s✐♦♥
s✉♣❡rs♦♥✐q✉❡✱ ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞♦✐t êtr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ❢♦rt q✉❡ ❝❡❧✉✐ ❞❡
P❛♥♥❡❦♦❡❦✲❘♦ss❡❧❛♥❞✳ ❊♥ rés✉♠é✱ ❧✬❛♣♣r♦❝❤❡ ✢✉✐❞❡ ❡①♣❧✐q✉❡ ❧✬❡①✐st❡♥❝❡ ❞✉
✈❡♥t s♦❧❛✐r❡ ♣❛r ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♣r❡ss✐♦♥ ❡♥tr❡ ❧✬❛t♠♦s♣❤èr❡ très ❝❤❛✉❞❡ ❞✉
❙♦❧❡✐❧ ❡t ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✱ ❛❧♦rs q✉❡ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❝✐♥ét✐q✉❡s s❛♥s
❝♦❧❧✐s✐♦♥s ✭♥♦♠♠é ❡①♦s♣❤ér✐q✉❡s✮ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡st ❡♠♠❡♥é ♣❛r ❧❡s é❧❡❝tr♦♥s
r❛♣✐❞❡s s✬é❝❤❛♣♣❛♥t ❞❡ ❧✬❛ttr❛❝t✐♦♥ s♦❧❛✐r❡ ❡t ❝ré❛♥t ♣❛r ❝♦♥séq✉❡♥t ✉♥ ❝❤❛♠♣
é❧❡❝tr✐q✉❡ q✉✐ ❛❝❝é❧èr❡ ❧❡s ✐♦♥s✳ ❆✐♥s✐✱ q✉❡❧q✉❡ s♦✐t ❧❡ ♠♦❞è❧❡✱ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞✉
✈❡♥t s♦❧❛✐r❡ ❡st r❡❧✐é❡ ❛✉ ❝❤❛✉✛❛❣❡ ❞❡ ❧❛ ❝♦✉r♦♥♥❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❝❡s ❞❡✉① ❛♣✲
♣r♦❝❤❡s s❡ ❜❛s❡♥t s✉r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞✉ ♣❧❛s♠❛ ❞✐✛ér❡♥t❡ ✿ ❞❛♥s ✉♥ ♠♦❞è❧❡
✢✉✐❞❡✱ ❧❡ ♠✐❧✐❡✉ ❡st ❞♦♠✐♥é ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❡t ❡st ❞❛♥s ✉♥ ét❛t ♣r♦❝❤❡ ❞❡
❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❧♦❝❛❧ ❀ ❛❧♦rs q✉❡ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s
❧❡ ♣❧❛s♠❛ ❡st s✉♣♣♦sé ♥♦♥ ❝♦❧❧✐s✐♦♥♥❡❧✳ ▲❡ ❢❛✐t ❡st q✉❡ ❧✬❛t♠♦s♣❤èr❡ ❞✉ ❙♦❧❡✐❧
❡st ✉♥ ♣❧❛s♠❛ tr♦♣ ♣❡✉ ❝♦❧❧✐s✐♦♥♥❡❧ ♣♦✉r s♦✉t❡♥✐r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ✢✉✐❞❡ ♠❛✐s
é❣❛❧❡♠❡♥t tr♦♣ ❝♦❧❧✐s✐♦♥♥❡❧ ♣♦✉r ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✳ ◆é❛♥♠♦✐♥s✱ ❝❡s
❞❡✉① ❛♣♣r♦❝❤❡s ♣❡r♠❡tt❡♥t ❞❡s ❝❛❧❝✉❧s ❛♥❛❧②t✐q✉❡s s✐♠♣❧✐✜és ❡t s♦♥t ❝♦♠♣❧é✲
♠❡♥t❛✐r❡s ❛✜♥ ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❣❧♦❜❛❧❡♠❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡ ✿
✈❡♥t s♦❧❛✐r❡ ❤♦rs ❞❡ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❧♦❝❛❧ ❡①♣❧✐q✉❛♥t ❧❡s ❢♦♥❝t✐♦♥s
❞❡ ❞✐str✐❜✉t✐♦♥ ♥♦♥ ▼❛①✇❡❧❧✐❡♥♥❡s ♦❜s❡r✈é❡s✱ ♣❡✉ ❞❡ ❝♦❧❧✐s✐♦♥s ♥❡ ♣❡r♠❡tt❛♥t
♣❛s ❞✬❡①♣❧✐q✉❡r ❝❧❛ss✐q✉❡♠❡♥t ❧❡ tr❛♥s♣♦rt ❡t ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s
❝❡ ♠✐❧✐❡✉✳

❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s✱ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡st s♣❛t✐❛❧❡♠❡♥t ❡t t❡♠✲
♣♦r❡❧❧❡♠❡♥t ✈❛r✐❛❜❧❡✳ ❉ès ❧❡s ♣r❡♠✐èr❡s ♦❜s❡r✈❛t✐♦♥s ✐♥ s✐t✉ à ❞❡s ❞✐st❛♥❝❡s
❞✉ ❙♦❧❡✐❧ ❞❡ ❧✬♦r❞r❡ ❞❡ ❧✬✉♥✐té ❛str♦♥♦♠✐q✉❡ ✭❯❆✮✱ ❞❡✉① t②♣❡s ❞❡ ✈❡♥t ❢✉r❡♥t
♦❜s❡r✈és ✿ ❧❡ ✈❡♥t ❧❡♥t ❞♦♥t ❧❛ ✈✐t❡ss❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✹✵✵ ❦♠✴s✱ ❡t ❧❡ ✈❡♥t
r❛♣✐❞❡ ❛tt❡✐❣♥❛♥t ✼✺✵ ❦♠✴s ✭◆❡✉❣❡❜❛✉❡r ❡t ❙♥②❞❡r✱ ✶✾✻✷✮✳ ▲❛ ✜❣✉r❡ ✶✳✶ ♣❡r✲
♠❡t ❞✬✐❧❧✉str❡r ❝❡tt❡ sé♣❛r❛t✐♦♥ ❡♥ ❞❡✉① t②♣❡s ❞❡ ✈❡♥t ❛✉ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té
s♦❧❛✐r❡✳ ❉❛♥s ❝❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥✱ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞✉ ❙♦❧❡✐❧ ♣❡✉t êtr❡
❝♦♥s✐❞éré ❝♦♠♠❡ ❞✐♣♦❧❛✐r❡✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ét❛♥t ❣❡❧é ❞❛♥s ❧❡ ♣❧❛s♠❛✱
❧❡s ♣❛rt✐❝✉❧❡s ♥❡ ♣❡✉✈❡♥t ❧❡ tr❛✈❡rs❡r ✭à ❧❛ ♠❛♥✐èr❡ ❞❡s ♣❡r❧❡s s✉r ✉♥ ❝♦❧❧✐❡r✮✳
❆✉ ♥✐✈❡❛✉ ❞❡s ♣ô❧❡s✱ ❧❡s ❧✐❣♥❡s ❞❡ ❝❤❛♠♣ s♦♥t ♦✉✈❡rt❡s ❡t ❧❡ ♣❧❛s♠❛ ♣❡✉t ❢❛❝✐❧❡✲
♠❡♥t s✬é❝♦✉❧❡r ✈❡rs ❧✬❡①tér✐❡✉r ❡♥ ❧❡s s✉✐✈❛♥t✳ ❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛
✜❣✉r❡ ✶✳✶✱ ❧❡ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ❡st ♦❜s❡r✈é ❞❛♥s ❝❡ ❝❛s✳ ❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬éq✉❛✲
t❡✉r✱ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t ❡t ❧❡s ❧✐❣♥❡s ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s♦♥t ♦rt❤♦❣♦♥❛❧❡s✱
♠❛✐s ❧❛ t❡♥s✐♦♥ ♠❛❣♥ét✐q✉❡ ♥✬❡st ♣❛s s✉✣s❛♥t❡ ♣♦✉r ❡♠♣ê❝❤❡r ❧❡ ♣❧❛s♠❛ ❞❡
s✬é❝❤❛♣♣❡r✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡♥tr❛î♥❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ q✉✐

✷✳ ▲❡ ❝❤❛♠♣ é❧❡❝tr♦st❛t✐q✉❡ ❞❡ P❛♥♥❡❦♦❡❦✲❘♦ss❡❧❛♥❞ ❡st ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞❡ ♣♦❧❛r✲

✐s❛t✐♦♥ ✐♥❞✉✐t ❞❛♥s ✉♥ ♣❧❛s♠❛ ♣❛r ❧❛ sé♣❛r❛t✐♦♥ ❞❡s ❝❤❛r❣❡s rés✉❧t❛♥t ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡

♠❛ss❡ ❞❡s é❧❡❝tr♦♥s ❡t ❞❡s ✐♦♥s s♦✉♠✐s ❛✉ ❝❤❛♠♣ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞✉ ❙♦❧❡✐❧✳



✸

❋✐❣✉r❡ ✶✳✶ ✕ ■♠❛❣❡s ❝♦♠♣♦s✐t❡s r❡♣rés❡♥t❛♥t ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡
❡♥ ♣ér✐♦❞❡ ❞❡ ♠✐♥✐♠✉♠ ❞✉ ❝②❝❧❡ s♦❧❛✐r❡✱ ♣❡♥❞❛♥t ❧❛ ♣r❡♠✐èr❡ ♦r❜✐t❡ ❞✬❯❧②ss❡
✭❞❡ ❢é✈r✐❡r ✶✾✾✷ à ❥❛♥✈✐❡r ✶✾✾✼✮✳ ▲❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ✭❞♦♥♥é❡s ❙❲❖❖P❙✮
❡t ❧❛ ♣♦❧❛r✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✭❞♦♥♥é❡s ▼❆●✮ ♦♥t été r❡♣rés❡♥té❡s ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❧❛t✐t✉❞❡ ❤é❧✐♦s♣❤ér✐q✉❡✳ ❉✐✛ér❡♥t❡s ✐♠❛❣❡s ❞✉ ❙♦❧❡✐❧ ♣r✐s❡s ♣❛r
❧❡s ✐♥str✉♠❡♥ts ❙❖❍❖✴❊■❚✱ ❍❆❖✱ ❙❖❍❖✴▲❆❙❈❖ ❈✷ ♦♥t été s✉♣❡r♣♦sé❡s✳
▲✬❤é♠✐s♣❤èr❡ ◆♦r❞ ✭❝♦✉❧❡✉r r♦✉❣❡✮ ❝♦rr❡s♣♦♥❞ à ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥✲
t❡r♣❧❛♥ét❛✐r❡ ❞✐r✐❣é ✈❡rs ❧✬❡①tér✐❡✉r✱ ❡t ❧✬❤é♠✐s♣❤èr❡ ❙✉❞ ✭❝♦✉❧❡✉r ❜❧❡✉❡✮ ✈❡rs
❧✬✐♥tér✐❡✉r✳ ❈❡❝✐ tr❛❞✉✐t ❧❛ ♥❛t✉r❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✐♣♦❧❛✐r❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡ s♦❧❛✐r❡✳ ❚✐ré ❞❡ ▼❝❈♦♠❛s ❡t ❛❧✳ ✭✶✾✾✽✮



✹ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

❋✐❣✉r❡ ✶✳✷ ✕ ❱✉❡ s❝❤é♠❛t✐q✉❡ ❞❡ ❧❛ ♣❡rt✉r❜❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s♦✲
❧❛✐r❡ ♣❛r ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ▲❡s ❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s r❡♣rés❡♥t❡♥t ❧❡ ❝❤❛♠♣ ❞✐♣♦❧❛✐r❡✱
❧❡s ❧✐❣♥❡s ❝♦♥t✐♥✉❡s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛✈❡❝ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡✳
❚✐ré❡ ❞❡ P♥❡✉♠❛♥ ❡t ❑♦♣♣ ✭✶✾✼✶✮✳

s❡ ❞é❢♦r♠❡ ❞❡ ❢❛ç♦♥ à s✬♦✉✈r✐r ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬éq✉❛t❡✉r✱ ❝♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r
s✉r ❧❛ ✜❣✉r❡ ✶✳✷✳ ❈✬❡st ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❝❡tt❡ ✧❧❛♠❡ ♥❡✉tr❡✧ q✉❡ ❧❡ ✈❡♥t ❧❡♥t
❡st ♦❜s❡r✈é✳ ❊♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ r♦t❛t✐♦♥ ❞✉ ❙♦❧❡✐❧✱ ❞♦♥t ❧✬❛①❡ ♥✬❡st ♣❛s
❛❧✐❣♥é ❛✈❡❝ ❧✬❛①❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❧❛ t♦♣♦❧♦❣✐❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡st ♣rés❡♥té❡ s✉r ❧❛ ✜❣✉r❡ ✶✳✸✳ ❊♥ ♣ér✐♦❞❡ ❞❡ ♠❛①✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✱ ❧❡
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♥✬❡st ♣❧✉s ❞❛♥s ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞✐♣♦❧❛✐r❡ ❞✬❛①❡ ♣r♦❝❤❡ ❞❡
❧✬❛①❡ ❞❡ r♦t❛t✐♦♥ ❀ ✈❡♥t ❧❡♥t ❡t ✈❡♥t r❛♣✐❞❡ s♦♥t ❛❧♦rs ♦❜s❡r✈❛❜❧❡s à t♦✉t❡s ❧❡s
❧❛t✐t✉❞❡s✳ ❖♥ ♣❡✉t ❝♦♠♣r❡♥❞r❡ ❝❡❧❛ ❝♦♠♠❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛ r♦t❛t✐♦♥ ❞❡
❧✬❛①❡ ❞✉ ❞✐♣ô❧❡ ❡t ❞✉ ♣❛ss❛❣❡ ❞✬✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞✐♣♦❧❛✐r❡ à ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥
♠✉❧t✐♣♦❧❛✐r❡✱ ❛✉❣♠❡♥t❛♥t ❞✉ ❝♦✉♣ ❧❡ ♥♦♠❜r❡ ❞❡ ❧❛♠❡s ♥❡✉tr❡s✳

❚♦✉t ❝♦♠♠❡ ♣♦✉r ❧❡s ❞❡s❝r✐♣t✐♦♥s t❤é♦r✐q✉❡s ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ❧✬❛❜s❡♥❝❡
❞✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❧♦❝❛❧ ❝♦♠♣❧✐q✉❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❞♦♥♥é❡s
♠❡s✉ré❡s ♣❛r ❧❡s ❞✐✛ér❡♥ts ✐♥str✉♠❡♥ts ❡♥ ✈♦❧ ♦✉ ❛②❛♥t ✈♦❧és✳ ❊♥ ❡✛❡t✱ ❧❡s ❞✐s✲
tr✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡s ❞❡s ♣❛rt✐❝✉❧❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ♥❡ s♦♥t ♣❛s ❞❡s❝r✐♣t✐❜❧❡s
♣❛r ❞❡s ▼❛①✇❡❧❧✐❡♥♥❡s ✭❞❡s❝r✐♣t✐♦♥s ❞✬éq✉✐❧✐❜r❡ ❞❛♥s ❧❛ t❤é♦r✐❡ t❤❡r♠♦❞②✲



✺

❋✐❣✉r❡ ✶✳✸ ✕ ●❛✉❝❤❡ ✿ ✈✉❡ ❞✬❛rt✐st❡ ❞✉ ♠♦❞è❧❡ ❞❡ ❧❛ ❜❛❧❧❡r✐♥❡ ♣♦✉r ❧❡ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡✳ ❉r♦✐t❡ ✿ ✈✉❡ s❝❤é♠❛t✐q✉❡ ❡♥ ✷ ❞✐♠❡♥s✐♦♥s ❞❡ ❧❛
❝♦✉❝❤❡ ❞❡ ❝♦✉r❛♥t ✭❧❛♠❡ ♥❡✉tr❡✮ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡ ❞❡ ❧❛ ❇❛❧❧❡r✐♥❡✳

♥❛♠✐q✉❡ ❝❧❛ss✐q✉❡✮✱ ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛ ❞é✜♥✐t✐♦♥ ❡t ❧❛ ♠❡s✉r❡ ❞❡s ♠♦♠❡♥ts
❞❡ s❡s ❞✐str✐❜✉t✐♦♥s✱ t❡❧s q✉❡ ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡✱ ♥❡ s♦♥t ♣❛s s✐♠♣❧❡s✳
❈❡❧❛ s❡ ❝♦♠♣❧✐q✉❡ ❡♥❝♦r❡ ❧♦rsq✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡ q✉✬✐❧ s✬❛❣✐t ❞❡ ♠❡s✉r❡r ❧❡s ♣r♦✲
♣r✐étés ❞❡ ♣❛rt✐❝✉❧❡s ❞♦♥t ❧❡s ❞❡♥s✐tés ♥❡ s♦♥t q✉❡ ❞❡ q✉❡❧q✉❡s ♣❛rt✐❝✉❧❡s ♣❛r
❝❡♥t✐♠ètr❡ ❝✉❜❡ ✭❡♥✈✐r♦♥ 2.5 cm−3 ♣♦✉r ❧❡ ✈❡♥t r❛♣✐❞❡ ❡t 6 cm−3 ♣♦✉r ❧❡ ✈❡♥t
❧❡♥t à ✉♥❡ ❞✐st❛♥❝❡ ❞✉ ❙♦❧❡✐❧ ❞✬✉♥❡ ✉♥✐té ❛str♦♥♦♠✐q✉❡✮✱ ❡t q✉✐✱ ❞❡ ♣❧✉s✱ s♦♥t
♣❡rt✉r❜é❡s ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✉ s❛t❡❧❧✐t❡ ✦ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥❝❡✈♦✐r ❞❡s
✐♥str✉♠❡♥ts ❡t ❞❡s ♠ét❤♦❞❡s ❞❡ ♠❡s✉r❡s ❛❞❛♣tés ❛✜♥ ❞✬♦❜s❡r✈❡r ❛✈❡❝ ♣ré❝✐✲
s✐♦♥s ❧❡s ♣r♦♣r✐étés ♠✐❝r♦s❝♦♣✐q✉❡s ❡t ♠❛❝r♦s❝♦♣✐q✉❡s ❞✉ ✈❡♥t s♦❧❛✐r❡✳ ❉❛♥s ❧❛
♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❝♦♠♣♦sé❡ ❞❡s ❝❤❛♣✐tr❡s ✷✱ ✸✱ ✹ ❡t ✺✱ ♥♦✉s ♣rés❡♥✲
t♦♥s ✉♥❡ ♠ét❤♦❞❡ ❞❡ ♠❡s✉r❡✱ ❛♣♣❡❧é❡ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✱
q✉✐ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ♣ré❝✐sé♠❡♥t ❧❡s ♣r♦♣r✐étés ❞❡s é❧❡❝tr♦♥s ❞✉ ✈❡♥t
s♦❧❛✐r❡✱ ❛✐♥s✐ q✉❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ❡♥ ❧✬❛♣♣❧✐q✉❛♥t à ❧✬✐♥str✉♠❡♥t r❛❞✐♦
✭❯❘❆P✮ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✶✮✳ ❉❡ ♥♦✉✈❡❛✉① ❞é✈❡❧♦♣♣❡♠❡♥ts
❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡s ré❝❡♣t❡✉rs r❛❞✐♦ s♦♥t ♣rés❡♥tés ❛✉
❝❤❛♣✐tr❡ ✹✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ♠❡s✉r❡r ❧❡ ♣❧✉s ♣ré❝✐sé♠❡♥t ♣♦ss✐❜❧❡ ❧❛ t❡♠♣ér❛✲
t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✱ ❝❡❝✐ ❛✜♥ ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡♥
❧✬❛♣♣❧✐q✉❛♥t✱ ❛✉ ❝❤❛♣✐tr❡ ✺✱ ❛✉① ❞♦♥♥é❡s ❞❡ ❧✬✐♥str✉♠❡♥t ❯❘❆P s✉r ❯❧②ss❡✳
❉❡ t❡❧❧❡s ♠❡s✉r❡s ♣❡r♠❡tt❡♥t ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧❡s t❤é♦r✐❡s s✉r ❧❡ tr❛♥s♣♦rt ❞❡
❧✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✱ ❡t ♣❛r ❡①t❡♥s✐♦♥ ❞❛♥s ❧❡s ❛✉tr❡s ♣❧❛s♠❛s ♣❡✉
❝♦❧❧✐s✐♦♥♥❡❧s✳

❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❞❡✉① ❡①❡♠♣❧❡s ❞✬✐♥✲
t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ❞❡s ♦❜❥❡ts ❞✉ s②stè♠❡ s♦❧❛✐r❡✳ ▲✬✐♥✢✉❡♥❝❡ ❞✉ ✈❡♥t
s♦❧❛✐r❡ s✬ét❡♥❞ ❞✉ ❙♦❧❡✐❧ ❥✉sq✉✬à ❧✬❡♥❞r♦✐t ♦ù ❧❛ ♣r❡ss✐♦♥ ❞✉ ✈❡♥t s✬éq✉✐❧✐❜r❡
❛✈❡❝ ❧❛ ♣r❡ss✐♦♥ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❧♦❝❛❧✳ ❈❡tt❡ ③♦♥❡ ❞✬✐♥✢✉❡♥❝❡ s✬❛♣♣❡❧❧❡
❧✬❤é❧✐♦s♣❤èr❡ ❡t ❡♥❣❧♦❜❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ s②stè♠❡ s♦❧❛✐r❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ✈❡♥t
s♦❧❛✐r❡ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡ ✐♥t❡r❛❣✐ss❡♥t ❛✈❡❝ ❧✬❡♥s❡♠❜❧❡



✻ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

❞❡s ♦❜❥❡ts ♦r❜✐t❛♥t ❛✉t♦✉r ❞❡ ♥♦tr❡ ét♦✐❧❡ ❝❡ q✉✐ ✈❛ ♠♦❞✐✜❡r ❧✬♦❜❥❡t ❡t✴♦✉ ❧❡
✈❡♥t✳ ▲❡ ♣r❡♠✐❡r ❡①❡♠♣❧❡ q✉❡ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❛✉ ❝❤❛♣✐tr❡ ✻✱ ❡st ❧❛ ❞ét❡❝✲
t✐♦♥ ❞❡ ♣♦✉ss✐èr❡s✱ ❞♦♥t ❧❛ t❛✐❧❧❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞✉ ♥❛♥♦♠ètr❡✱ ♣❛r ❧✬✐♥str✉♠❡♥t
r❛❞✐♦ à ❜♦r❞ ❞❡s ❞❡✉① s♦♥❞❡s ❙❚❊❘❊❖ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✸✮✱ r❡♥❞✉❡ ♣♦ss✐❜❧❡
❣râ❝❡ à ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❝❡s ♣❛rt✐❝✉❧❡s ♣❛r ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ❊♥s✉✐t❡✱ ❛✉ ❝❤❛♣✐tr❡
✼✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s à ❞❡s ❛✉❣♠❡♥t❛t✐♦♥s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r✲
♣❧❛♥ét❛✐r❡ ❞♦♥t ❧✬♦r✐❣✐♥❡ ❡st s✉♣♣♦sé❡ ❧✐❡r à ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛✈❡❝
❞❡s ♣♦✉ss✐èr❡s ❝♦♠ét❛✐r❡s✳ ❊♥✜♥✱ ❧❡ ❙♦❧❡✐❧ ♥✬❡st ♣❛s ❧❛ s❡✉❧❡ ét♦✐❧❡ ❞♦♥t ❧✬❛t✲
♠♦s♣❤èr❡ s✬é✈❛♣♦r❡ s♦✉s ❢♦r♠❡ ❞❡ ✈❡♥t✳ ◆♦✉s ❝♦♥s❛❝r♦♥s ❞♦♥❝ ❧❡ ❝❤❛♣✐tr❡ ✽ à
❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥❡ ♣r♦♣r✐été ❞✉ ✈❡♥t s♦❧❛✐r❡ q✉❡ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é❡✱ à s❛✈♦✐r
❧❛ r❡❧❛t✐✈❡ ❝♦♥st❛♥❝❡ t❡♠♣♦r❡❧❧❡ ❡t s♣❛t✐❛❧❡ ❞✉ ✢✉① ❞✬é♥❡r❣✐❡ ❡♠♣♦rté ♣❛r ❧❡
✈❡♥t✱ à ✉♥❡ ❧❛r❣❡ sé❧❡❝t✐♦♥ ❞❡ ✈❡♥ts st❡❧❧❛✐r❡s✳



Pr❡♠✐èr❡ ♣❛rt✐❡

▼❡s✉r❡s ❡t ♣r♦♣r✐étés ❞❡s
é❧❡❝tr♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡





❈❤❛♣✐tr❡ ✷

❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮
t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts ❞❡ ❜❛s❡

❙♦♠♠❛✐r❡
✷✳✶ Pr✐♥❝✐♣❡s ❡t ✐♥térêts ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✳ ✳ ✳ ✳ ✾

✷✳✶✳✶ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❡t ré❝❡♣t❡✉r r❛❞✐♦ ✳ ✳ ✳ ✶✵

✷✳✶✳✷ ❙♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✷ ❉✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✷✳✷✳✶ ❖❜s❡r✈❛t✐♦♥s ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ ✈❡♥t
s♦❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✷✳✷✳✷ ▲❡s ❞✐str✐❜✉t✐♦♥s ✉t✐❧✐sé❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✸ ▲❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✹ ▲❡ ❜r✉✐t ❞✬✐♠♣❛❝t ♦✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡✱ ❡t ❧✬✐♠♣é✲

❞❛♥❝❡ ❞✬❛♥t❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✺ ▲❡ ❜r✉✐t ❞❡s ✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✶ Pr✐♥❝✐♣❡s ❡t ✐♥térêts ❞✉ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡

▲❡ ❜r✉✐t t❤❡r♠✐q✉❡ ❡st ✉♥ ♣❤é♥♦♠è♥❡ ❜✐❡♥ ❝♦♥♥✉ ❞❡s r❛❞✐♦❛str♦♥♦♠❡s
✉t✐❧✐s❛♥t ❞❡s ✐♥str✉♠❡♥ts s♣❛t✐❛✉①✱ ♣♦✉r q✉✐ ✐❧ ❡st ✉♥ ♣❛r❛s✐t❡✳ ❊♥ ❡✛❡t✱ ✉♥❡
❛♥t❡♥♥❡ é❧❡❝tr✐q✉❡ ♣❧♦♥❣é❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❡t ❝♦♥♥❡❝té❡ à ✉♥ ré❝❡♣t❡✉r r❛❞✐♦
✈♦✐t ❞❡✉① t②♣❡s ❞❡ ♣❤é♥♦♠è♥❡s ✿ ❧❡s ♦♥❞❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❡t ❧❡s ♦♥❞❡s
é❧❡❝tr♦st❛t✐q✉❡s✳ ▲❡s ♣r❡♠✐èr❡s s❡ ♣r♦♣❛❣❡♥t à ❣r❛♥❞❡ ❞✐st❛♥❝❡✱ ❡t s♦♥t ✉t✐❧✐sé❡s
♣❛r ❧❡s r❛❞✐♦❛str♦♥♦♠❡s ♣♦✉r s♦♥❞❡r ❧❡s s♦✉r❝❡s ❧♦✐♥t❛✐♥❡s✳ ▲❡s s❡❝♦♥❞❡s✱ ❡❧❧❡s✱
s♦♥t ♣r♦❞✉✐t❡s ♣❛r ❧❡ ♣❧❛s♠❛ ❛♠❜✐❛♥t✳ ❈✬❡st s✉r ❧✬ét✉❞❡ ❞❡ ❝❡s ❞❡r♥✐èr❡s q✉✬❡st
❜❛sé❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡✳

▲❡s ♦♥❞❡s é❧❡❝tr♦st❛t✐q✉❡s s♦♥t ❞❡s ✢✉❝t✉❛t✐♦♥s ❞✉ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ❧♦✲
❝❛❧✱ ♣r♦❞✉✐t❡s ♣❛r ❧❡s ♠♦✉✈❡♠❡♥ts ❞❡s é❧❡❝tr♦♥s ❡t ❞❡s ✐♦♥s ❡♥✈✐r♦♥♥❛♥ts✳ ➚



✶✵
❈❤❛♣✐tr❡ ✷✳ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts

❞❡ ❜❛s❡

❝♦♥❞✐t✐♦♥ q✉❡ ❧❡ ♣❧❛s♠❛ s♦✐t st❛❜❧❡✱ ❧❡s ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s s♦♥t ❝♦♠✲
♣❧èt❡♠❡♥t ❞ét❡r♠✐♥é❡s ♣❛r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s
✭❘♦st♦❦❡r✱ ✶✾✻✶✮✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡ ♣❡r✲
♠❡t ✉♥ ❞✐❛❣♥♦st✐❝ ✐♥ s✐t✉ ❞❡s ♣r♦♣r✐étés ❞✉ ♣❧❛s♠❛✳ ◆♦✉s ♣❛r❧♦♥s ❞❡ ❜r✉✐t
t❤❡r♠✐q✉❡ ❧♦rsq✉❡ ❧❡ ♣❧❛s♠❛ ❡st à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❡t ❞❡ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ q✉❛♥❞ ❝❡ ♥✬❡st ♣❛s ❧❡ ❝❛s ✿ ❝❡ q✉✐ ❡st ❝♦♠♠✉♥ ♣♦✉r ❧❡s ♣❧❛s♠❛s
s♣❛t✐❛✉①✳

▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✉t♦✉r ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡
♣❧❛s♠❛ ❡st ✉♥ ♦✉t✐❧ ✜❛❜❧❡ ♣♦✉r ♠❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠✲
♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s✳ ❊♥ ❡✛❡t✱ ❧✬✐♥str✉♠❡♥t ét❛♥t ♣❛ss✐❢✱ ✐❧ ♥❡ ♣❡rt✉r❜❡ ♣❛s
♦✉ ♣❡✉ ❧❡ ♣❧❛s♠❛ q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ ét✉❞✐❡r✳ ❉❡ ♣❧✉s✱ ❡♥ s♦♥❞❛♥t ✉♥❡ ❣r❛♥❞❡
q✉❛♥t✐té ❞❡ ♣❧❛s♠❛✱ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❡st ♣❡✉ s❡♥s✐✲
❜❧❡ ❛✉① ♣❡rt✉r❜❛t✐♦♥s ❝❛✉sé❡s ♣❛r ❧❡ s❛t❡❧❧✐t❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❛♥❛❧②s❡✉rs
❞❡ ♣❛rt✐❝✉❧❡s ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✶✾✾✽✱ ■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✾✮✳

▼❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❡s ♣r♦♣r✐étés ❞❡s é❧❡❝tr♦♥s ❞✬✉♥ ♣❧❛s♠❛ ❡st ✐♥❞✐s♣❡♥s✲
❛❜❧❡ à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ tr❛♥s♣♦rt ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ❝❡ ♠✐❧✐❡✉✳ ❊♥ ❡✛❡t✱ ❧❛
❣r❛♥❞❡ ❞✐✛ér❡♥❝❡ ❞❡ ♠❛ss❡ ❡♥tr❡ ❧❡s ✐♦♥s ❡t ❧❡s é❧❡❝tr♦♥s✱ ❛❧♦rs q✉❡ ❧❡✉rs t❡♠✲
♣ér❛t✉r❡s s♦♥t s✐♠✐❧❛✐r❡s✱ ✐♠♣❧✐q✉❡ q✉❡ ❧❡s é❧❡❝tr♦♥s tr❛♥s♣♦rt❡♥t ❧✬é♥❡r❣✐❡✱
❛❧♦rs q✉❡ ❧❡s ✐♦♥s tr❛♥s♣♦rt❡♥t ❧❛ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t✳ ❖r✱ ❧❡ tr❛♥s♣♦rt
❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ❧❡s ♣❧❛s♠❛s s❛♥s ♦✉ ❛✈❡❝ ♣❡✉ ❞❡ ❝♦❧❧✐s✐♦♥s✱ ❝♦♠♠❡ ❧❡ ✈❡♥t
s♦❧❛✐r❡✱ ❡st ❧♦✐♥ ❞✬êtr❡ ❝♦♠♣r✐s✳

✷✳✶✳✶ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❡t ré❝❡♣t❡✉r r❛❞✐♦

❆✈❛♥t ❞✬❛❧❧❡r ♣❧✉s ❧♦✐♥ ❞❛♥s ❧✬ét✉❞❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✱ r❡✈❡♥♦♥s ✉♥
✐♥st❛♥t s✉r ❝❡ q✉❡ ♠❡s✉r❡♥t ❧❡s ré❝❡♣t❡✉rs r❛❞✐♦ ✉t✐❧✐sés ❞❛♥s ❝❡tt❡ ♠ét❤♦❞❡ ✿
❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡✳

❈♦♥s✐❞ér♦♥s ✉♥ s✐❣♥❛❧ t❡♠♣♦r❡❧✱ ❝♦♠♠❡ ❧❡s ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s✱
x(t)✱ s❛ ❢♦♥❝t✐♦♥ ❞✬❛✉t♦❝♦rré❧❛t✐♦♥ γ(τ) ♣❡✉t êtr❡ ❞é✜♥✐❡ ❛✐♥s✐ ✿

γ(τ) = lim
T→∞

∫ T

−T

x∗(t)x(t+ τ)dt

♦ù ∗ ❡st ❧❛ ❝♦♥❥✉❣✉é❡ ❝♦♠♣❧❡①❡✳
Pr✐s❡ ❛✉ ♣♦✐♥t τ ✱ ❝❡tt❡ ❢♦♥❝t✐♦♥ ♠❡s✉r❡✱ ❡♥ q✉❡❧q✉❡ s♦rt❡✱ ❧❛ ♠❛♥✐èr❡ ❞♦♥t

❧❡s str✉❝t✉r❡s q✉❡ ❧✬♦♥ ♣❡✉t ✈♦✐r ❞❛♥s ✉♥ s✐❣♥❛❧ s❡ ré♣èt❡♥t s✉r ❞❡s é❝❤❡❧❧❡s ❞❡
t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ τ ✳

▲❡ t❤é♦rè♠❡ ❞❡ ❲✐❡♥❡r✲❑❤✐♥t❝❤✐♥❡ ✭❘✐❝❦❡r✱ ✷✵✵✸✮ ♥♦✉s ❞✐t q✉❡ ❧❛ tr❛♥s✲
❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬❛✉t♦❝♦rré❧❛t✐♦♥ ❡st é❣❛❧❡ à |X|2✱ ♦ù X ❡st
❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞✉ s✐❣♥❛❧ x✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡
♣✉✐ss❛♥❝❡ ❡st ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧✬❛✉t♦❝♦rré❧❛t✐♦♥✳



✷✳✶✳ Pr✐♥❝✐♣❡s ❡t ✐♥térêts ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✶✶

▲❡ ré❝❡♣t❡✉r ❞♦✐t tr❛✐t❡r ❞❡s s✐❣♥❛✉① ❛❧é❛t♦✐r❡s✱ ♦r ♦♥ ♥❡ ♣❡✉t ❝❛❧❝✉❧❡r
❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞✬✉♥ s✐❣♥❛❧ ♥♦♥ ❡♥t✐èr❡♠❡♥t ❝♦♥♥✉✳ ❊♥ r❡✈❛♥❝❤❡✱
♦♥ ♣❡✉t ❝❛❧❝✉❧❡r s♦♥ ❛✉t♦❝♦rré❧❛t✐♦♥✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ♠❡s✉r❡r ❧❛ ❞❡♥s✐té
s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❞✉ s✐❣♥❛❧✳ ❈❡ s♦♥t ❧❛ ❢♦r♠❡ ❡t ❧✬❡①♣r❡ss✐♦♥ ❞✉ s♣❡❝tr❡
❞❡ ♣✉✐ss❛♥❝❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❞✉ ❝❤❛♠♣ é❧❡❝tr♦st❛t✐q✉❡ q✉❡ ♥♦✉s ❛❧❧♦♥s ét✉❞✐❡r
❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✳

❊♥ ♣❧✉s ❞✉ s✐❣♥❛❧ ♣❤②s✐q✉❡ q✉❡ ❧✬♦♥ ❞és✐r❡ ♠❡s✉r❡r✱ ❧❡s ré♣♦♥s❡s ❞❡ ❧✬❛♥✲
t❡♥♥❡ ❡t ❞✉ ré❝❡♣t❡✉r à ❝❡ s✐❣♥❛❧ ❞♦✐✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s✳ ❊♥ ❡✛❡t✱ ❧❡ s♣❡❝tr❡
q✉❡ ❧✬♦♥ ♠❡s✉r❡ ❛✈❡❝ ❧❡ ré❝❡♣t❡✉r r❛❞✐♦ ♥✬❡st ♣❛s ❞✐r❡❝t❡♠❡♥t ❝❡❧✉✐ ❞❡s ✢✉❝t✉✲
❛t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s✱ ♠❛✐s ❝❡❧✉✐ ❞❡ ❧❛ ré♣♦♥s❡ ❞❡s ❝❤❛r❣❡s ❞❡ ❧✬❛♥t❡♥♥❡ à ❝❡s
✢✉❝t✉❛t✐♦♥s ♠♦❞✉❧é❡ ♣❛r ❧❡ ❣❛✐♥ ❞✉ ré❝❡♣t❡✉r✳ ❯♥❡ ♠❡s✉r❡ ♣ré❝✐s❡ ♣❛r s♣❡❝✲
tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮t❤❡r♠✐q✉❡ ♥é❝❡ss✐t❡ ❞♦♥❝ ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❝♦rr❡❝t❡
❞❡ ❧✬✐♥str✉♠❡♥t✳

✷✳✶✳✷ ❙♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡

▲❡ ♣r♦❜❧è♠❡ ❡st ♣❧✉s s✐♠♣❧❡ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♦✉ à ❞❡s
❢réq✉❡♥❝❡s ❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡s q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❣②r♦♠❛❣♥ét✐q✉❡✱ ❝♦♠♠❡
❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ♣❧❛s♠❛ ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥
r❡❣r♦✉♣❡♠❡♥t ❞❡ ♣❛rt✐❝✉❧❡s ✧é❝r❛♥té❡s✧ ♣❛r ❧❡✉r s♣❤èr❡ ❞❡ ❉❡❜②❡ ✶ s❡ ❞é♣❧❛ç❛♥t
❡♥ ❧✐❣♥❡ ❞r♦✐t❡ ✭▼❡②❡r✲❱❡r♥❡t✱ ✶✾✽✺✱ ▼❡②❡r✲❱❡r♥❡t ❡t P❡r❝❤❡✱ ✶✾✽✾✮✳

■♥tér❡ss♦♥s✲♥♦✉s t♦✉t ❞✬❛❜♦r❞ à ✉♥ ❞✐♣ô❧❡ ❞❡ ❧♦♥❣✉❡✉r ✷ L ❣r❛♥❞❡ ❞❡✈❛♥t
❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡✱ LD✱ s♦✐t L ≫ LD✳

▲✬é✈❛❧✉❛t✐♦♥ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♥é❝❡ss✐t❡ ❞❡ s✬✐♥tér❡ss❡r ❛✉ ❝♦♠✲
♣♦rt❡♠❡♥t ❝♦❧❧❡❝t✐❢ ❞✉ ♣❧❛s♠❛✳ ❙✉r ❞❡ ❣r❛♥❞❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ✭❝✬❡st✲à✲
❞✐r❡ ❞❡s ❢réq✉❡♥❝❡s f ♣❧✉s ♣❡t✐t❡ q✉❡ ❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛ ✸ fp✮✱ ❧❡s ♣❛rt✐❝✲
✉❧❡s ❝❤❛r❣é❡s ♦♥t ❧❡ t❡♠♣s ❞❡ s✬❡♥t♦✉r❡r ❞❡ ❧❡✉r s♣❤èr❡ ❞❡ ❉❡❜②❡ ❞❡ r❛②♦♥
LD✳ ▲✬❛♥t❡♥♥❡ ♥❡ ♠❡s✉r❡ q✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ❧♦rsq✉✬❡❧❧❡s ♣❛ss❡♥t à ✉♥❡ ❞✐st❛♥❝❡
✐♥❢ér✐❡✉r❡ à ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ✭♦✉ ❛✉tr❡♠❡♥t ❞✐t✱ ❧✬❛♥t❡♥♥❡ ♥❡ ✈♦✐t ✉♥❡
♣❛rt✐❝✉❧❡ q✉❡ s✉r ✉♥❡ ❞✐st❛♥❝❡ ❞❡ ❧✬♦r❞r❡ ❞❡ LD✮✳ ❆✐♥s✐✱ ✉♥ é❧❡❝tr♦♥ ❛✈❡❝ ✉♥❡
✈✐t❡ss❡ v ≈ LDfp ♣r♦❞✉✐t s✉r ❧✬❛♥t❡♥♥❡ ✉♥❡ ✐♠♣✉❧s✐♦♥ ❞❡ ❞✉ré❡ 1/fp✳ ▲❛ tr❛♥s✲
❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞✬✉♥❡ ✐♠♣✉❧s✐♦♥ ét❛♥t ✉♥❡ ❝♦♥st❛♥t❡✱ ❧❡ s♣❡❝tr❡ ♠❡s✉ré ❡st
❞♦♥❝ ✉♥ ❜r✉✐t ✧❜❧❛♥❝✧ à ❜❛ss❡ ❢réq✉❡♥❝❡✳

➚ ♣❧✉s ♣❡t✐t❡s é❝❤❡❧❧❡s ✭♦✉ f ≫ fp)✱ ❧❡s ♣❛rt✐❝✉❧❡s ♥✬♦♥t ♣❛s ❛ss❡③ ❞❡ t❡♠♣s
♣♦✉r s✬❡♥t♦✉r❡r ❞❡ ❧❡✉r s♣❤èr❡ ❞❡ ❉❡❜②❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡s é❧❡❝tr♦♥s s♦♥t ✈✉s

✶✳ ❉❛♥s ✉♥ ♣❧❛s♠❛ à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ❡st ❞é✜♥✐❡ ♣❛r ✿

LD =
√

ε0kBTe

nee2
♦ù ne ❡t Te s♦♥t ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s✳

✷✳ P♦✉r ✉♥ ❞✐♣ô❧❡ ✜❧✱ ❧❛ ❧♦♥❣✉❡✉r L ❡st ❧❛ ❧♦♥❣✉❡✉r ❞✬✉♥ ❜r✐♥ ❞❡ ❧✬❛♥t❡♥♥❡✳ P♦✉r ❞❡s

s♣❤èr❡s✱ L ✈❛✉t ❧❛ ♠♦✐t✐é ❞❡ ❧❛ ❞✐st❛♥❝❡ sé♣❛r❛♥t ❧❡s ❞❡✉① s♣❤èr❡s✳

✸✳ ▲❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛ ❡st ❞é✜♥✐❡ ♣❛r ✿ fp =
ωp

2π
= 1

2π

√

nee2

meε0



✶✷
❈❤❛♣✐tr❡ ✷✳ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts

❞❡ ❜❛s❡

❋✐❣✉r❡ ✷✳✶ ✕ ❙♣❡❝tr❡ ❞❡ ❜r✉✐t t❤❡r♠✐q✉❡ ♥♦r♠❛❧✐sé V 2/T
1/2
e ✭❱2❍③−1❑−1/2✮

❡♥ ❢♦♥❝t✐♦♥ ❞❡ f/fp✱ ♣♦✉r ❞❡s ❞✐♣ô❧❡s ✜❧❛✐r❡s ❞❡ ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs✳ ❚✐ré❡
❞❡ ▼❡②❡r✲❱❡r♥❡t ❡t P❡r❝❤❡ ✭✶✾✽✾✮✳

♣❛r ❧✬❛♥t❡♥♥❡ ❥✉sq✉✬à ✉♥❡ ❞✐st❛♥❝❡ ❞❡ ❧✬♦r❞r❡ ❞❡ v/f ✱ ❛✈❡❝ v ❧❡✉r ✈✐t❡ss❡ ❡t f ❧❛
❢réq✉❡♥❝❡ ❝♦♥s✐❞éré❡✳ ▲❡ s♣❡❝tr❡ ♣rés❡♥t❡ ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ ❛✈❡❝ ❧❛ ❢réq✉❡♥❝❡
❛❧❧❛♥t ❞❡ f−2 à f−4 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧✬❛♥t❡♥♥❡ ✭▼❡②❡r✲❱❡r♥❡t
❡t P❡r❝❤❡✱ ✶✾✽✾✮✳

❊♥✜♥✱ ❧♦rsq✉❡ f ≈ fp✱ ✐❧ ② ❛ ❞❡s ♦♥❞❡s ❞❡ ♣❧❛s♠❛ ❧♦♥❣✐t✉❞✐♥❛❧❡s✳ ▲❛ ✈✐t❡ss❡
❞❡ ♣❤❛s❡ ❞❡ ❝❡s ♦♥❞❡s ❞❡ ▲❛♥❣♠✉✐r ❞❡✈✐❡♥t très ❣r❛♥❞❡✱ ♣✉✐sq✉❡ ❧❡✉r ♥♦♠❜r❡
❞✬♦♥❞❡ ❡st ♥✉❧ ♣♦✉r f = fp✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s r❛♣✐❞❡s
✈♦♥t rés♦♥♥❡r ❛✈❡❝ ❝❡s ♦♥❞❡s✱ ♣r♦❞✉✐s❛♥t ✉♥ ♣✐❝ ❞❡ ❜r✉✐t ♠❛①✐♠❛❧ à f ≈ fp✳
▲❛ t❛✐❧❧❡ ❡t ❧❛ ❢♦r♠❡ ❞❡ ❝❡ ♣✐❝ ❞é♣❡♥❞r♦♥t ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♣❛rt✐❝✉❧❡s s✉♣r❛✲
t❤❡r♠✐q✉❡s ✭▲❡ ❈❤❛t ❡t ❛❧✳✱ ✷✵✵✾❛✮ ❛✐♥s✐ q✉❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬❛♥t❡♥♥❡✳ ❊♥
❡✛❡t✱ ✉♥❡ ❛♥t❡♥♥❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t s❡♥s✐❜❧❡ ❛✉① ♦♥❞❡s ❞❡ ♥♦♠❜r❡ ❞✬♦♥❞❡
k ≈ 1/L ✭▼❡②❡r✲❱❡r♥❡t✱ ✶✾✽✺✱ ▼❡②❡r✲❱❡r♥❡t ❡t P❡r❝❤❡✱ ✶✾✽✾✮✳

❉❛♥s ❧❡ ❝❛s ♦ù ❧❡ ❞✐♣ô❧❡ ❡st ♣❡t✐t ❞❡✈❛♥t ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡✱ ❧✬❛♥t❡♥♥❡
❡st t♦✉❥♦✉rs s❡♥s✐❜❧❡ ❛✉① ♦♥❞❡s t❡❧❧❡s q✉❡ k ≈ 1/L > 1/LD✳ ❉❛♥s ❝❡ ❝❛s✱
♦♥ ♦❜t✐❡♥t kLD ≥ 1 ❡t ❧❛ ❞✐s♣❡rs✐♦♥ t❡♠♣♦r❡❧❧❡ ❞✉ ♣❧❛s♠❛ ❡st ♣❡t✐t❡✳ P❛r
❝♦♥séq✉❡♥t✱ ❧❡ s♣❡❝tr❡ ♠❡s✉ré ❡st ♣r❛t✐q✉❡♠❡♥t ♣❧❛t✳ ❈❡❧❛ s❡r❛ ♣❧✉s ♦✉ ♠♦✐♥s
♠❛rq✉é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s✱ ❝♦♠♠❡ ♦♥
♣❡✉t ❧❡ ✈♦✐r s✉r ❧❡s ✜❣✉r❡s ✷✳✶ ❡t ✷✳✷✳

❋✐♥❛❧❡♠❡♥t✱ ❧❡ ♥✐✈❡❛✉ ❞✉ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
V 2
ω ❛✉① ❜♦r♥❡s ❞✬✉♥❡ ❛♥t❡♥♥❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ s❡ ❞é♣❧❛ç❛♥t à ❧❛ ✈✐t❡ss❡ ~V ❡st



✷✳✶✳ Pr✐♥❝✐♣❡s ❡t ✐♥térêts ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✶✸
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❋✐❣✉r❡ ✷✳✷ ✕ ❙♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♥♦r♠❛❧✐sé
V 2/T

1/2
e ✭❱2❍③−1❑−1/2✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ f/fp✱ ♣♦✉r ❞❡s ❞✐♣ô❧❡s ✜❧❛✐r❡s

❞❡ ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ✉t✐❧✐sé❡ ❡st ❞❡ t②♣❡
▲♦r❡♥t③✐❡♥♥❡ ❣é♥ér❛❧✐sé❡✳ ❚✐ré❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✵✾❛✮✳

❞♦♥♥é ♣❛r ✿

V 2
ω =

2

(2π)3

∫

∣

∣

∣

∣

∣

~k · ~J
k

∣

∣

∣

∣

∣

2

E2(~k, ω − ~k · ~V )d3k ✭✷✳✶✮

▲❡ ♣r❡♠✐❡r t❡r♠❡ ❞❡ ❧✬✐♥té❣r❛❧❡ r❡♣rés❡♥t❡ ❧❛ ré♣♦♥s❡ ❞❡ ❧✬❛♥t❡♥♥❡ ❛✉①
♦♥❞❡s é❧❡❝tr♦st❛t✐q✉❡s✱ q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ~J(~k) ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ ❝♦✉r❛♥t ❧❡ ❧♦♥❣ ❞❡ ❧✬❛♥t❡♥♥❡✳ ▲❡ s❡❝♦♥❞ ❡st ❧❛ ❢♦♥❝t✐♦♥ ❞✬❛✉✲
t♦❝♦rré❧❛t✐♦♥ ❞❡s ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s ❞❛♥s ❧❡ r❡♣èr❡ ❞❡ ❧✬❛♥t❡♥♥❡✳ ➚
❞❡s ❢réq✉❡♥❝❡s ❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡s q✉❡ ❧❛ ❣②r♦❢réq✉❡♥❝❡✱ ♥♦✉s ❛✈♦♥s ✿

E2(~k, ω) = 2π
Σjq

2
j

∫

fj(~v)δ(ω − ~k · ~v)d3v

k2ε20

∣

∣

∣
εL(~k, ω)

∣

∣

∣

2 ✭✷✳✷✮

fj(~v) r❡♣rés❡♥t❛♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡ ❧❛ ❥✲✐è♠❡ ❡s♣è❝❡ ❞❡ ❝❤❛r❣❡ qj✱ ❡t
εL(~k, ω) ❧❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣❧❛s♠❛ ✭❙✐t❡♥❦♦✱ ✶✾✻✼✮✳
▲❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ❞é♣❡♥❞ ❛✐♥s✐ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s
♣❛rt✐❝✉❧❡s✱ ❡t s♦♥ ét✉❞❡ s♣❡❝tr♦s❝♦♣✐q✉❡ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ♠♦♠❡♥ts ❞❡
❝❡s ❞✐str✐❜✉t✐♦♥s✳



✶✹
❈❤❛♣✐tr❡ ✷✳ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts

❞❡ ❜❛s❡

❋✐❣✉r❡ ✷✳✸ ✕ ❊①❡♠♣❧❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ♠❡s✉ré❡ ♣❛r
❧✬❛♥❛❧②s❡✉r ❞✬é❧❡❝tr♦♥s à ❜♦r❞ ❞✬❍❊▲■❖❙ ■✳ ▲❡s ❛stér✐sq✉❡s r❡♣rés❡♥t❡♥t ❧❡s
♣♦✐♥ts ❞❡ ♠❡s✉r❡ ❡t ❧❛ ✢è❝❤❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡✳
P♦✉r ✉♥❡ q✉❡st✐♦♥ ❞❡ r❡♣rés❡♥t❛t✐♦♥✱ ❧❡s ✈❛❧❡✉rs ♠❡s✉ré❡s s♦♥t ✐♥t❡r♣♦❧é❡s ❛✜♥
❞❡ ❢♦r♠❡r ✉♥❡ ❝❛rt❡ ❡♥ é❝❤❡❧❧❡ ❞❡ ❣r✐s✳ ❚✐ré❡ ❞❡ ➆t✈❡rá❦ ❡t ❛❧✳ ✭✷✵✵✽✮✳

✷✳✷ ❉✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s

◆♦✉s ✈❡♥♦♥s ❞❡ ✈♦✐r q✉❡ ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r
❧❡s ♠♦♠❡♥ts ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s✱ ✐❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡
❞❡ ❝❤♦✐s✐r ✉♥ t②♣❡ ❞❡ ❞✐str✐❜✉t✐♦♥✱ ❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝❡❧❧❡ ❞❡s é❧❡❝tr♦♥s✳

✷✳✷✳✶ ❖❜s❡r✈❛t✐♦♥s ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s ❞❛♥s
❧❡ ✈❡♥t s♦❧❛✐r❡

▲❛ ✜❣✉r❡ ✷✳✸ ♠♦♥tr❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s
♠❡s✉ré❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ❈❡tt❡ ❞✐str✐❜✉t✐♦♥ ♣rés❡♥t❡ ✉♥ ❝÷✉r t❤❡r♠✐q✉❡✱
✉♥ ❤❛❧♦ s✉♣r❛✲t❤❡r♠✐q✉❡ ❡t ✉♥❡ s✉r♣♦♣✉❧❛t✐♦♥ s✉♣r❛✲t❤❡r♠✐q✉❡ ❛❧✐❣♥é❡ s✉r ❧❡
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡ ❡t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❛♥t✐✲s♦❧❛✐r❡✱ ❛♣♣❡❧é❡
str❛❤❧✳ ▲❛ ✜❣✉r❡ ✷✳✹ ♣rés❡♥t❡ ❞❡s ❡①❡♠♣❧❡s ❞✬❛❥✉st❡♠❡♥t ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡
✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ♠❡s✉rés ♣❛r ❍❊▲■❖❙ ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ♣r♦♣♦sé ♣❛r ➆t✈❡rá❦
❡t ❛❧✳ ✭✷✵✵✾✮✳ ❖♥ ♦❜s❡r✈❡ s✉r ❝❡tt❡ ✜❣✉r❡✱ q✉❡ ❧❡ ❤❛❧♦ ❡st ♣rés❡♥t ❞❛♥s t♦✉t❡s
❧❡s ❞✐r❡❝t✐♦♥s ❡t s❡ ❝♦♠♣♦rt❡ ❝♦♠♠❡ ✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡✳

▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ♠❡s✉ré❡s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ ♥❡



✷✳✷✳ ❉✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ✶✺

❋✐❣✉r❡ ✷✳✹ ✕ ❊①❡♠♣❧❡s ❞✬❛❥✉st❡♠❡♥t ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s
♠❡s✉ré❡s ♣❛r ❍❊▲■❖❙ ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❡♠♣✐r✐q✉❡ ♣r♦♣♦sé ♣❛r ➆t✈❡rá❦ ❡t ❛❧✳

✭✷✵✵✾✮✳ ▲❡s tr♦✐s ❝♦♠♣♦s❛♥t❡s s♦♥t ✐♥❝❧✉s❡s ❡t ❧❡ ❤❛❧♦ ❛✐♥s✐ q✉❡ ❧❡ str❛❤❧ s♦♥t
tr♦♥q✉és ❞❛♥s ❧❛ ♣❛rt✐❡ t❤❡r♠✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✳ ▲❡s ❛stér✐sq✉❡s✱ t✐r❡ts✱
t✐r❡ts ❡t ♣♦✐♥ts ❡t ❧❡s ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❧❡s ♣♦✐♥ts ❞❡
♠❡s✉r❡s✱ ❧❡ ❝÷✉r✱ ❧❡ ❤❛❧♦ ❡t ❧❡ str❛❤❧✳ ▲❡ str❛❤❧ ❡st ♣❧✉s ♣rés❡♥t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥
♣❛r❛❧❧è❧❡ ❡t ❛♥t✐✲s♦❧❛✐r❡✱ ❡t ♣r❡sq✉❡ ✐♥❡①✐st❛♥t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡
❛✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❡ ❤❛❧♦ ❡st ✈✐s✐❜❧❡ ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s✳ ❚✐ré❡ ❞❡
➆t✈❡rá❦ ❡t ❛❧✳ ✭✷✵✵✾✮



✶✻
❈❤❛♣✐tr❡ ✷✳ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts

❞❡ ❜❛s❡

s♦♥t ♣❛s ♣❛r❢❛✐t❡♠❡♥t ✐s♦tr♦♣❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡✉r ❛♥✐s♦tr♦♣✐❡ t❡♥❞ à ❞✐♠✐♥✉❡r
❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡✱ s❡ r❛♣♣r♦❝❤❛♥t ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞❡ ❧✬✐s♦tr♦♣✐❡
✭➆t✈❡rá❦ ❡t ❛❧✳✱ ✷✵✵✽✮✳

✷✳✷✳✷ ▲❡s ❞✐str✐❜✉t✐♦♥s ✉t✐❧✐sé❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡

P♦✉r ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✱ ❞❡✉①
t②♣❡s ❞❡ ❞✐str✐❜✉t✐♦♥s é❧❡❝tr♦♥✐q✉❡s s♦♥t ✉t✐❧✐sé❡s ✿ ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉①
▼❛①✇❡❧❧✐❡♥♥❡s ❡t ✉♥❡ ▲♦r❡♥t③✐❡♥♥❡ ❣é♥ér❛❧✐sé❡✳ ❉❛♥s ✉♥ ❝❛s ❝♦♠♠❡ ❞❛♥s
❧✬❛✉tr❡✱ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞✉ str❛❤❧ ♥✬❡st ♣❛s ❝♦♥s✐❞éré❡✱ ❡t ❧✬✐s♦tr♦♣✐❡ ❞❡s ❞✐str✐❜✉✲
t✐♦♥s ❡st s✉♣♣♦sé❡ ✭❝❡ q✉✐ ❡st✱ ❝♦♠♠❡ ♥♦✉s ✈❡♥♦♥s ❞❡ ❧❡ ❞✐r❡✱ ♠❛r❣✐♥❛❧❡♠❡♥t
✈r❛✐✮✳ ▲✬✐♥✢✉❡♥❝❡ ❞❡s é❧❡❝tr♦♥s ❞✉ str❛❤❧ ❡st ❝♦♥❝❡♥tré❡ s✉r ❧❡ ♣✐❝ ❞❡ rés♦♥❛♥❝❡
à ❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛✱ ♦ù ❧❡s é❧❡❝tr♦♥s s✉♣r❛✲t❤❡r♠✐q✉❡ ♦♥t ❧❡ ♣❧✉s ❞✬✐♥✢✉❡♥❝❡✳
❈❡♣❡♥❞❛♥t✱ ❧❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ rés♦❧✉t✐♦♥ ❡♥ ❢réq✉❡♥❝❡ ❞✉ ré❝❡♣t❡✉r ✐♥❞✉✐s❡♥t
✉♥❡ ✐♠♣ré❝✐s✐♦♥ ✐♥❝♦♠♣r❡ss✐❜❧❡✳

✷✳✷✳✷✳✶ ❙♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s

❍✐st♦r✐q✉❡♠❡♥t✱ ✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ❛ été ❧❛ ♣r✐♥❝✐✲
♣❛❧❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✱ ❞❡ ❧❛
♠ê♠❡ ❢❛ç♦♥ q✉❡ ❧❡s ♠❡s✉r❡s ✐♥✐t✐❛❧❡s ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s
♣❛r ❧❡s ❛♥❛❧②s❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s✳ ▲❛ ♣r❡♠✐èr❡ ❞é❝r✐t ❧❡ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
✭❞❡♥s✐té nc✱ t❡♠♣ér❛t✉r❡ Tc✮ ❡t ❧❛ s❡❝♦♥❞❡ ❧❡ ❤❛❧♦ s✉♣r❛✲t❤❡r♠✐q✉❡ ✭❞❡♥s✐té
nh✱ t❡♠♣ér❛t✉r❡ Th✮✳ ❯♥❡ t❡❧❧❡ ❞❡s❝r✐♣t✐♦♥ ♥❡ ❞é❝r✐t ♣❛s ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥
❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞✉ ❤❛❧♦ s✉♣r❛✲t❤❡r♠✐q✉❡✱ ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ✷✳✹✱ ❡t✱ ♣❛r
❝♦♥séq✉❡♥t✱ ❧❡s é❧❡❝tr♦♥s ❧❡s ♣❧✉s r❛♣✐❞❡s ♥❡ s♦♥t ♣❛s ❝♦♥s✐❞érés✳ ◆é❛♥♠♦✐♥s✱
❝♦♠♠❡ ♣♦✉r ❧❡s é❧❡❝tr♦♥s ❞✉ str❛❤❧✱ ❝❡s é❧❡❝tr♦♥s ♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✉♥❡ ✐♥✲
✢✉❡♥❝❡ ❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞❡ ❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛✱ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❛✉✲❞❡❧à
❞❡ ❧❛ ♣ré❝✐s✐♦♥ ✐♥str✉♠❡♥t❛❧❡✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❡t ♣rés❡♥tés ❛✉ ❝❤❛♣✐tr❡
✸✱ ♣❛r ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ❝❡tt❡ ❞❡s❝r✐♣t✐♦♥ r❡st❡♥t
❞♦♥❝ ✈❛❧❛❜❧❡s✳

✷✳✷✳✷✳✷ ▲♦r❡♥t③✐❡♥♥❡ ❣é♥ér❛❧✐sé❡

▲❛ ❞❡✉①✐è♠❡ ❞❡s❝r✐♣t✐♦♥ ♣❡r♠❡tt❛♥t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ❞✐str✐❜✉t✐♦♥s
❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡st ❧❛ ▲♦r❡♥t③✐❡♥♥❡ ❣é♥ér❛❧✐sé❡✱
♥♦♠♠é❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛✳ ❈❡tt❡ ❞❡s❝r✐♣t✐♦♥✱ ✉t✐❧✐sé❡ ❞❛♥s ❧❡s ❝❛❧❝✉❧s ❞❡ s♣❡❝✲
tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✱ ❞é❝r✐t ❜✐❡♥ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ ❧♦✐ ❞❡
♣✉✐ss❛♥❝❡ ❞✉ ❤❛❧♦ s✉♣r❛✲t❤❡r♠✐q✉❡✳



✷✳✷✳ ❉✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ✶✼

❋✐❣✉r❡ ✷✳✺ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ❦❛♣♣❛ ❛✈❡❝ κ =

2.5, 3, 4, 6 ❡t ❞✬✉♥❡ ▼❛①✇❡❧❧✐❡♥♥❡✱ ♥♦r♠❛❧✐sé❡s à 1 ♣♦✉r v = 0✳

◆♦✉s ✉t✐❧✐s♦♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❦❛♣♣❛ s✉✐✈❛♥t❡ ✿

fκ(v) =
A

(1 + v2/κv20)
κ+1

✭✷✳✸✮

❛✈❡❝ ❧❛ ♥♦r♠❛❧✐s❛t✐♦♥

A =
Γ(κ+ 1)

(πκ)3/2v30Γ(κ− 1/2)
✭✷✳✹✮

♦ù Γ(x) r❡♣rés❡♥t❡ ❧❛ ❢♦♥❝t✐♦♥ ❣❛♠♠❛✱ ❡t v0 ❡st ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ r❡❧✐é❡ à
❧❛ t❡♠♣ér❛t✉r❡ ❝✐♥ét✐q✉❡ Te ♣❛r ✿

v0 =

√

2κ− 3

κ

kBTe
me

✭✷✳✺✮

❛✈❡❝ kB ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡t me ❧❛ ♠❛ss❡ ❞❡ ❧✬é❧❡❝tr♦♥✳
❉❛♥s ❞❡ t❡❧❧❡s ❢♦♥❝t✐♦♥s fκ✱ κ ❡st ✉♥ ♥♦♠❜r❡ ré❡❧ q✉✐✱ s❡❧♦♥ ❧✬éq✉❛t✐♦♥ ✷✳✺✱

❞♦✐t êtr❡ ♣❧✉s ❣r❛♥❞ q✉❡ 3/2✳ ▲♦rsq✉❡ κ → ∞✱ ❝❡s ❢♦♥❝t✐♦♥s t❡♥❞❡♥t ✈❡rs ❧❡s
▼❛①✇❡❧❧✐❡♥♥❡s✳

▲❛ ✜❣✉r❡ ✷✳✺ ♣rés❡♥t❡ ❝❡ t②♣❡ ❞❡ ❢♦♥❝t✐♦♥s ♣♦✉r ✹ ✈❛❧❡✉rs ❞❡ κ ❡t ✉♥❡
▼❛①✇❡❧❧✐❡♥♥❡✳ ▲✬✐♥térêt ❞❡s ❢♦♥❝t✐♦♥s ❦❛♣♣❛ ♣♦✉r ❞é❝r✐r❡ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐✲
♠❡♥t❛❧❡s s✬❡st ❛❝❝r✉ ♣✉✐sq✉❡ ❝❡s ❞✐str✐❜✉t✐♦♥s ♣❡✉✈❡♥t êtr❡ ✐♥t❡r♣rété❡s ♣❛r
✉♥❡ ❣é♥ér❛❧✐s❛t✐♦♥ ❞❡ ❧✬❡♥tr♦♣✐❡ ✭❙✐❧✈❛ ❡t ❛❧✳✱ ✶✾✾✽✱ ▲❡✉❜♥❡r✱ ✷✵✵✷✱ ▲✐♠❛ ❡t ❛❧✳✱



✶✽
❈❤❛♣✐tr❡ ✷✳ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts

❞❡ ❜❛s❡

✷✵✵✶✱ ❘❛♠♦s ❡t ❛❧✳✱ ✷✵✵✹✱ P❧❛st✐♥♦ ❡t ❛❧✳✱ ✷✵✵✹✮ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤❡r♠♦❞②✲
♥❛♠✐q✉❡ ♥♦♥✲❡①t❡♥s✐✈❡ ♣r♦♣♦sé❡ ♣❛r ❚s❛❧❧✐s ✭✶✾✽✽✮✳ ❉❡ ♣❧✉s✱ ❞❡s ❞✐str✐❜✉t✐♦♥s
s✐♠✐❧❛✐r❡s s♦♥t r❡♣r♦❞✉✐t❡s à ♣❛rt✐r ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❋♦❦❦❡r✲P❧❛♥❝❦✱ ❡t s♦♥t
❛❧♦rs ✉♥❡ ❝♦♥séq✉❡♥❝❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♦♥❞❡s✲♣❛rt✐❝✉❧❡s ❡♥ ♣rés❡♥❝❡ ❞❡ ❝♦❧❧✐✲
s✐♦♥s✱ ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧✬❡♥tr♦♣✐❡ r❡❧❛t✐✈❡ ❞❡ ❑✉❧❧❜❛❝❦ ✭❙❤✐③❣❛❧✱ ✷✵✵✼✮✳

❉❛♥s ✉♥ t❡❧ ♣❧❛s♠❛✱ ♥♦✉s ❞é✜♥✐ss♦♥s ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ♣❛r ✿

LD =
v0
ωp

(

κ

2κ− 1

)1/2

✭✷✳✻✮

❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✐st❛♥❝❡ ♦ù ❧❡s ♣❡rt✉r❜❛t✐♦♥s é❧❡❝tr✐q✉❡s ❜❛ss❡s
❢réq✉❡♥❝❡s s♦♥t é❝r❛♥té❡s ♣❛r ❧❡ ♠✐❧✐❡✉ ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t✱ ✶✾✾✶✮✳

▲❡ ❝❤❛♣✐tr❡ ✹ ♣rés❡♥t❡ ❧❡s ♦✉t✐❧s t❤é♦r✐q✉❡s ♣❡r♠❡tt❛♥t ❞❡ ❝❛❧❝✉❧❡r ❧❡ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ❞❡ t❡❧❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s✱ ❡t ❧❡ ❝❤❛♣✐tr❡ ✺ ❡♥
♣rés❡♥t❡ ❧❡s ♣r❡♠✐❡rs rés✉❧t❛ts✳

✷✳✸ ▲❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s

❉❛♥s ❧❡ ❝❛s ❞❡s é❧❡❝tr♦♥s✱ ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ ❡st ❣é♥ér❛❧❡♠❡♥t ❜❡❛✉❝♦✉♣
♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ ✈✐t❡ss❡ ❞✉ ♣❧❛s♠❛ ~V ✳ ❆✐♥s✐✱ ❡♥ ✉t✐❧✐s❛♥t q✉❡❧q✉❡s ♠❛♥✐♣✲
✉❧❛t✐♦♥s s❡ ❜❛s❛♥t s✉r ❧✬✐s♦tr♦♣✐❡ ❞❡ f(~v) ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t✱ ✶✾✽✾✱
▼❡②❡r✲❱❡r♥❡t ❡t P❡r❝❤❡✱ ✶✾✽✾✮ ♥♦✉s ♦❜t❡♥♦♥s ✿

V 2
ω =

16mω2
p

πε0

∫ ∞

0

F (kL)B(k)

k2|εL|2
dk ✭✷✳✼✮

❛✈❡❝ ✿

B(k) =
2π

k

∫ ∞

ω/k

vf(v)dv ✭✷✳✽✮

εL = 1 +
2πω2

p

k

∫ +∞

−∞

v‖f(v‖)

kv‖ − ω − io
dv‖ ✭✷✳✾✮

♦ù v‖ ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ~v ♣❛r❛❧❧è❧❡ à ~k✳ ▲❡ t❡r♠❡ io r❡♣rés❡♥t❡ ✉♥❡ ♣❛rt✐❡
✐♠❛❣✐♥❛✐r❡ ♣♦s✐t✐✈❡ ❡t ✐♥✜♥✐tés✐♠❛❧❡✱ ❡t ❧❛ ❢♦♥❝t✐♦♥ F s♣é❝✐✜❡ ❧❛ ❣é♦♠étr✐❡ ❞❡
❧✬❛♥t❡♥♥❡ t❡❧❧❡ q✉❡

F (x) =
1

x

[

Si(x)− 1

2
Si(2x)− 2

x
sin4

(x

2

)

]

✭✜❧❛✐r❡✮ ✭✷✳✶✵✮

F (x) =
1

4

(

1− sinx

x

)

✭s♣❤èr❡s✮ ✭✷✳✶✶✮

♦ù Si ❡st ❧❛ ❢♦♥❝t✐♦♥ s✐♥✉s ✐♥té❣r❛❧✳



✷✳✹✳ ▲❡ ❜r✉✐t ❞✬✐♠♣❛❝t ♦✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡✱ ❡t ❧✬✐♠♣é❞❛♥❝❡
❞✬❛♥t❡♥♥❡ ✶✾

✷✳✹ ▲❡ ❜r✉✐t ❞✬✐♠♣❛❝t ♦✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡✱ ❡t
❧✬✐♠♣é❞❛♥❝❡ ❞✬❛♥t❡♥♥❡

P✉✐sq✉❡ ❧✬❛♥t❡♥♥❡ ❡st ✉♥ ♦❜❥❡t ♣❤②s✐q✉❡ q✉✐ ♣❡rt✉r❜❡ ❧❡s tr❛❥❡❝t♦✐r❡s ❞❡s
♣❛rt✐❝✉❧❡s ✭❡❧❧❡s ♥❡ ♣❡✉✈❡♥t ♣❛s tr❛✈❡rs❡r s❛ s✉r❢❛❝❡✮ ❡t q✉❡ ❧❛ s✉r❢❛❝❡ ❞❡
❧✬❛♥t❡♥♥❡ ♣❡✉t é❥❡❝t❡r ❞❡s ♣❤♦t♦✲é❧❡❝tr♦♥s✱ ✐❧ ② ❛ ✉♥ ❜r✉✐t ❛❞❞✐t✐♦♥♥❡❧ ❛✉
❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✳ ❖♥ ❧✬❛♣♣❡❧❧❡ ❣é♥ér❛❧❡♠❡♥t ❜r✉✐t ❞✬✐♠♣❛❝t ♦✉ ❜r✉✐t ❞❡
❣r❡♥❛✐❧❧❡✳

❙✐ ❧❡ r❛②♦♥ ❞❡ ❧✬❛♥t❡♥♥❡ a ♥✬❡st ♣❛s tr♦♣ ❣r❛♥❞✱ s♦✐t a < LD✱ ❛❧♦rs ✉♥❡
❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❝❡ ❜r✉✐t ❞✬✐♠♣❛❝t ❡st ❞♦♥♥é❡ ♣❛r ✿

V 2
S ≈ 2e2Ne|Z|2 ✭✷✳✶✷✮

❛✈❡❝ Ne ≈ βneS < v > /4✱ ❧❡ t❛✉① ❞✬✐♠♣❛❝t ❞❡s é❧❡❝tr♦♥s s✉r ✉♥ ❜r✐♥
❞✬❛♥t❡♥♥❡ ❞❡ s✉r❢❛❝❡ S✱ ❡t β ❧❛ ❝♦rr❡❝t✐♦♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ s♦♥ ♣♦t❡♥t✐❡❧✳ Z ❡st
❧✬✐♠♣é❞❛♥❝❡ ❞✬❛♥t❡♥♥❡ ❞✉ ❞✐♣ô❧❡✳ <> r❡♣rés❡♥t❡ ❧❛ ♠♦②❡♥♥❡ s✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡
❞✐str✐❜✉t✐♦♥ ❞❡s ✈✐t❡ss❡s✱ ❡t ❧❡ t❡r♠❡ 1/4 ✈✐❡♥t ❞❡ ❧❛ ♠♦②❡♥♥❡ s✉r ❧❡s ❞✐r❡❝t✐♦♥s
❞❡s ♣❛rt✐❝✉❧❡s ✐♥❝✐❞❡♥t❡s✳

▲✬✐♠♣é❞❛♥❝❡ ❞✬❛♥t❡♥♥❡✱ Z✱ ❡st ❞♦♥♥é❡ ♣❛r ✿

Z =
4i

π2ε0ω

∫ ∞

0

F (kL)Fa(ka)

εL
dk ✭✷✳✶✸✮

❛✈❡❝ ❧❛ ❢♦♥❝t✐♦♥ F ❞❡s éq✉❛t✐♦♥s ✭✷✳✶✵✮ ♦✉ ✭✷✳✶✶✮✱ ❡t Fa✱ ❞é♣❡♥❞❛♥t ❞✉ r❛②♦♥
❞❡ ❧✬❛♥t❡♥♥❡ a✱ ❞é✜♥✐❡ ♣❛r

Fa(x) = J2
0 (x) ✭✜❧❛✐r❡✮ ✭✷✳✶✹✮

Fa(x) =

(

sinx

x

)2

✭s♣❤èr❡s✮ ✭✷✳✶✺✮

♦ù J0(x) ❞és✐❣♥❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❇❡ss❡❧ ❞❡ ♣r❡♠✐èr❡ ❡s♣è❝❡ à ❧✬♦r❞r❡ ✵✳
❈♦♠♠❡ ❧✬✐♠♣é❞❛♥❝❡ ❡st r❡❧✐é❡ à ❧❛ rés✐st❛♥❝❡ ❡t à ❧❛ ❝❛♣❛❝✐té s✉✐✈❛♥t Z =

R + i/Cω ❛✈❡❝ RCω ≪ 1 ✭▼❡②❡r✲❱❡r♥❡t ❡t P❡r❝❤❡✱ ✶✾✽✾✱ ❈❤❛t❡❛✉ ❡t ▼❡②❡r✲
❱❡r♥❡t✱ ✶✾✾✶✮✱ ♦♥ ❡♥ ❞é❞✉✐t q✉❡ ❧❡ s♣❡❝tr❡ ❞✉ ❜r✉✐t ❞✬✐♠♣❛❝t ♣rés❡♥t❡r❛ ✉♥❡
❞é❝r♦✐ss❛♥❝❡ ❡♥ f−2✳

❉❡ ♣❧✉s✱ ❧✬✐♠♣é❞❛♥❝❡✱ Z✱ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ❣❛✐♥ ❞✉ ré❝❡♣t❡✉r Γ2✱
♥é❝❡ss❛✐r❡ à t♦✉t❡ ♠❡s✉r❡ q✉❛♥t✐t❛t✐✈❡ ❢♦♥❞é❡ s✉r ❧❡ ♥✐✈❡❛✉ ❛❜s♦❧✉ ❞✉ s✐❣♥❛❧✳
❆✐♥s✐✱ V 2

ω ✱ q✉✐ ❡st ❧❛ ♣✉✐ss❛♥❝❡ r❡❝❤❡r❝❤é❡✱ ❡st ❧✐é❡ ❛✉ s✐❣♥❛❧ ♠❡s✉ré ♣❛r ❧❡
ré❝❡♣t❡✉r✱ V 2

R✱ ♣❛r ❧❛ r❡❧❛t✐♦♥ ✿

Γ2 =
V 2
ω

V 2
R

=

∣

∣

∣

∣

ZR + Z

ZR

∣

∣

∣

∣

2

=

(

C + CB

C

)2

+ (RCBω)
2 ✭✷✳✶✻✮

♦ù ZR ≈ 1/iCBω ❡st ❧✬✐♠♣é❞❛♥❝❡ ❞✉ ré❝❡♣t❡✉r ❞♦♥t ❧❛ ❝❛♣❛❝✐té ❞❡ ❜❛s❡ ❡st
CB ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t✱ ✶✾✾✶✮✳



✷✵
❈❤❛♣✐tr❡ ✷✳ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t ✭q✉❛s✐✲✮ t❤❡r♠✐q✉❡ ✿ é❧é♠❡♥ts

❞❡ ❜❛s❡

✷✳✺ ▲❡ ❜r✉✐t ❞❡s ✐♦♥s

❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ♣❧❛s♠❛✱ ❝♦♠♠❡ ❧❡ ✈❡♥t s♦❧❛✐r❡✱ s❡ ❞é♣❧❛ç❛♥t à ✉♥❡ ✈✐t❡ss❡
✭~V ✮ très s✉♣ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ ❞❡s ✐♦♥s ✭~vthi✮✱ ❧❡ ❜r✉✐t t❤❡r♠✐q✉❡ ❞❡s
✐♦♥s ❡st ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❞é❝❛❧é ♣❛r ❧✬❡✛❡t ❉♦♣♣❧❡r✱ ❡t ✈❛ ❛✐♥s✐ ❝♦♥tr✐❜✉❡r à ❧❛
♣❛rt✐❡ ❜❛ss❡ ❢réq✉❡♥❝❡ ❞✉ s♣❡❝tr❡ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✾✮✳ ❈❡tt❡ ❝♦♥tr✐❜✉t✐♦♥
❞❡s ✐♦♥s ❡st ❞♦♥♥é❡ ♣❛r ✿

V 2
i =

8

π5/2

ne2

ε20

1

vthi

∫ ∞

0

dk

k3

∫ +1

−1

exp[(ω − kV u)2/v2thik
2]

|εL(~k, ω − kV u)|2
du

∫ 2π

0

sin4
(

kL
2
cosγ

)

(kLcosγ)2
dψ

✭✷✳✶✼✮
♦ù u = cosθ ❛✈❡❝ θ ❧✬❛♥❣❧❡ ❡♥tr❡ ~k ❡t ~V ✱ ❡t γ ❡st ❧✬❛♥❣❧❡ ❡♥tr❡ ❧✬❛♥t❡♥♥❡ ❡t ~k
♦❜t❡♥✉❡ ♣❛r

cosγ = ucosβ +
√
1− u2sinβcosψ

❛✈❡❝ β ❡st ❧✬❛♥❣❧❡ ❢♦r♠é ♣❛r ~V ❡t ❧✬❛♥t❡♥♥❡✱ ❡t ψ ❧✬❛s✐♠✉t ❞❡ ~k ❞❛♥s ✉♥ ♣❧❛♥
♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ~V ✳

❯♥❡ ❢♦r♠✉❧❡ ♣❧✉s s✐♠♣❧❡ ♣❡✉t êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❡✛❡❝t✉❡r ✉♥ ❞✐❛❣♥♦st✐❝ ❡♥
❝♦♥s✐❞ér❛♥t ❞❡✉① ❝❛s ❡①trê♠❡s ✿ ❧❡ ♣r❡♠✐❡r ❧♦rsq✉❡ ❧✬❛♥t❡♥♥❡ ❡st ♣❡r♣❡♥❞✐❝✲
✉❧❛✐r❡ à ~V ✱ ❧❡ s❡❝♦♥❞ ❧♦rsq✉✬❡❧❧❡ ❧✉✐ ❡st ♣❛r❛❧❧è❧❡ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✾✮✳ ❊♥
♣r❛t✐q✉❡✱ ❧❡ ♣r❡♠✐❡r ❡st ❧❡ ♣❧✉s ✐♥tér❡ss❛♥t✳ ❊♥ ❡✛❡t✱ ❧✬❡✛❡t ❞❡ ❧❛ ✈✐t❡ss❡ ❡st
♠❛①✐♠❛❧ ❧♦rsq✉❡ ❝❡❧❧❡✲❝✐ ❡st ♣❛r❛❧❧è❧❡ ❛✉ ✈❡❝t❡✉r ❞✬♦♥❞❡✱ ❡t ❧❛ ré♣♦♥s❡ ❞✬✉♥❡
❛♥t❡♥♥❡ ❧♦♥❣✉❡ ❡st ♦♣t✐♠❛❧❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à s♦♥ ❛①❡ ✭▼❡②❡r✲❱❡r♥❡t✱
✶✾✾✹✮✳ ❆✐♥s✐✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ✐♦♥s ❛✉ ❜r✉✐t t❤❡r♠✐q✉❡ ❡st ♠❛①✐♠❛❧❡ q✉❛♥❞
❧✬❛♥t❡♥♥❡ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ✈✐t❡ss❡ ❞✉ ♣❧❛s♠❛✳

✷✳✻ ❈♦♥❝❧✉s✐♦♥

◆♦✉s ✈❡♥♦♥s ❞❡ ✈♦✐r ❧❡ ♣r✐♥❝✐♣❡ ❡t ❧❡s ❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ❞✉ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛✳ ▲❡ s♣❡❝tr❡ ♠❡s✉ré
❞é♣❡♥❞ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s✱ ❡t ♣❡r♠❡t ❞✬❡♥ ♠❡s✉r❡r
❧❡s ♠♦♠❡♥ts✳ ▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛ été ✉t✐❧✐sé❡ s✉r ❞❡s
✐♥str✉♠❡♥ts r❛❞✐♦ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ♣❧❛♥ét❛✐r❡s
❡t ❝♦♠ét❛✐r❡s ❛✈❡❝ ❧❡s s♦♥❞❡s s♣❛t✐❛❧❡s ■❙❊❊✲✸✴■❈❊✱ ❯❧②ss❡✱ ❲✐♥❞✱ ❈❛ss✐♥✐✱
❡t ❙❚❊❘❊❖✳ ❉❛♥s ❧✬♦♣t✐q✉❡ ❞✬ét✉❞✐❡r ❧❡ tr❛♥s♣♦rt ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ✈❡♥t
s♦❧❛✐r❡✱ ❧❛ s♦♥❞❡ ❯❧②ss❡✱ à tr❛✈❡rs ❧✬✐♥str✉♠❡♥t ❯❘❆P✱ ❡st ❧❛ ♣❧✉s ✐♥tér❡ss❛♥t❡
❞❡ ♣❛rt s♦♥ ♦r❜✐t❡ ✉♥✐q✉❡ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✶✮✳ ❉❛♥s ❧❡s ❝❤❛♣✐tr❡s s✉✐✈❛♥ts✱ ♥♦✉s
♣rés❡♥t❡r♦♥s ✿ ✶✮ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡ ✉t✐❧✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s s✉r ❯❧②ss❡✱ ✷✮ ❧❡s ❝❛❧❝✉❧s
t❤é♦r✐q✉❡s ❞❡ ❧❛ ♠ét❤♦❞❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✱ ❡t ❡♥✜♥ ✸✮ ❧❡✉r ❛♣♣❧✐✲
❝❛t✐♦♥ à ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ❞♦♥♥é❡s ❞✬❯❧②ss❡ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧✬é✈♦❧✉t✐♦♥ à
❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✳



❈❤❛♣✐tr❡ ✸

▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡

❙♦♠♠❛✐r❡
✸✳✶ ❙♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ♣♦✉r ❧❡s é❧❡❝tr♦♥s ✳ ✳ ✷✶

✸✳✷ ▲❡s ❞❡✉① ♣r❡♠✐❡rs ♣❛ss❛❣❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸✳✸ ▲❡ tr♦✐s✐è♠❡ ❡t ❞❡r♥✐❡r ♣❛ss❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✸✳✹ ❘és✉♠é ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛❧❧♦♥s ♣rés❡♥t❡r ❝❡rt❛✐♥s rés✉❧t❛ts ♦❜t❡♥✉s ❣râ❝❡ à
❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ s✉r ❯❧②ss❡✳

✸✳✶ ❙♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ♣♦✉r ❧❡s
é❧❡❝tr♦♥s

P♦✉r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞é❝r✐t❡ ♣❛r ✉♥❡ s♦♠♠❡
❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s✱ ▼❡②❡r✲❱❡r♥❡t ❡t P❡r❝❤❡ ✭✶✾✽✾✮ ❡t ■ss❛✉t✐❡r ❡t ❛❧✳

✭✶✾✾✾✮ ♦♥t ❞♦♥♥é ❧❡s ♦✉t✐❧s t❤é♦r✐q✉❡s ♥é❝❡ss❛✐r❡s ❛✉① ❝❛❧❝✉❧s ❞❡s ❝♦♥tr✐❜✉✲
t✐♦♥s ❛✉① s♣❡❝tr❡s✱ ♣rès ❞❡ ❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛✱ ♣rés❡♥té❡s ❛✉ ❝❤❛♣✐tr❡ ✷✳

❉❛♥s ✉♥ t❡❧ ❝❛s✱ ❧❡s ♣❛r❛♠ètr❡s ♦❜t❡♥✉s s♦♥t✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✸✳✶✱
❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ne✱ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r Tc✱ ❧❡s r❛♣♣♦rts α = nh/nc

❡t τ = Th/Tc✱ ❛✐♥s✐ q✉✬✉♥❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ V ❡t ❞❡ ❧❛
t❡♠♣ér❛t✉r❡ ❞❡s ♣r♦t♦♥s Tp✳

✸✳✷ ▲❡s ❞❡✉① ♣r❡♠✐❡rs ♣❛ss❛❣❡s ❞❡ ♣ô❧❡ à ♣ô❧❡

▲♦rs ❞❡s ❞❡✉① ♣r❡♠✐èr❡s ♦r❜✐t❡s ❞✬❯❧②ss❡✱ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧♦rs ❞❡s
❞❡✉① ♣❛ss❛❣❡s r❛♣✐❞❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✶✮✱ ❧❡s ✐♥str✉♠❡♥ts à ❜♦r❞
❞✬❯❧②ss❡ ♦♥t ♣❡r♠✐s ❞❡ ❞é❞✉✐r❡ ❧❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
❧❛t✐t✉❞❡ ❡t ❞❡ ❧✬❛❝t✐✈✐té s♦❧❛✐r❡ ✭❧❡ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❛②❛♥t ❡✉ ❧✐❡✉ ❡♥ ♠✐♥✐♠✉♠
❡t ❧❡ s❡❝♦♥❞ ❡♥ ♠❛①✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✮✳

▲❛ ✜❣✉r❡ ✸✳✷ ♠♦♥tr❡ ❧❡ s♣❡❝tr❡ ❞②♥❛♠✐q✉❡ ♦❜t❡♥✉ ♣❛r ❧✬✐♥str✉♠❡♥t r❛✲
❞✐♦ ❯❘❆P ❡♥ ✶✾✾✹ ❡t ✶✾✾✺ ♣rès ❞✉ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡ ✭✶✾✾✻✮✱ ❡t



✷✷ ❈❤❛♣✐tr❡ ✸✳ ▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡

❋✐❣✉r❡ ✸✳✶ ✕ ❙♣❡❝tr❡ ♠❡s✉ré ♣❛r ❧❡ ré❝❡♣t❡✉r r❛❞✐♦ ✭❯❘❆P✮ s✉r ❧❛ s♦♥❞❡
❯❧②ss❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ▲❛ ❝♦✉r❜❡ r♦✉❣❡ ❡st ❧❡ s♣❡❝tr❡ t❤é♦r✐q✉❡ ✭s❛♥s
❛✉❝✉♥ ♣❛r❛♠ètr❡ ❛❞✲❤♦❝✮ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞♦♥t ❧❡s ♣❛r❛♠ètr❡s s♦♥t ✐♥❞✐q✉és
❡♥ ❜❧❡✉✳ ▲❡s ♣♦✐♥ts ♥♦✐rs s♦♥t ❧❡s ♣♦✐♥ts ❞❡ ♠❡s✉r❡✱ ❛✈❡❝ ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❞❡s
✐♥str✉♠❡♥ts✳

❧❡ ❝♦♠♣❛r❡ à ❝❡❧✉✐ ♦❜t❡♥✉ ❧♦rs ❞✉ ❞❡✉①✐è♠❡ ♣❛ss❛❣❡ ❡♥ ♠❛①✐♠✉♠ ❞✬❛❝t✐✈✲
✐té ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❉❡✉① ré❣✐♦♥s s❡ ❞✐st✐♥❣✉❡♥t ✿ ❧✬✉♥❡ ré❣✉❧✐èr❡✱ ♦ù
❧❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ s♦♥t st❛❜❧❡s✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ③♦♥❡s ❞❡ ✈❡♥t
r❛♣✐❞❡ ♣r♦✈❡♥❛♥t ❞❡s tr♦✉s ❝♦r♦♥❛✉① ❀ ❧✬❛✉tr❡ très ✐rré❣✉❧✐èr❡✱ ❝♦rr❡s♣♦♥❞❛♥t
❛✉ ♣❛ss❛❣❡ ❞✬❯❧②ss❡ ❞❛♥s ❧❡s ③♦♥❡s ❞✬✐♥t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t ❧❡♥t ❛✈❡❝ ❧❡ ✈❡♥t
r❛♣✐❞❡ ✭❈■❘✮ ❡t ❛✉① tr❛✈❡rsé❡s ❞❡ ❧❛ ❧❛♠❡ ♥❡✉tr❡ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✽✱ ▼❝✲
❈♦♠❛s ❡t ❛❧✳✱ ✷✵✵✵✱ ✷✵✵✸✱ ■ss❛✉t✐❡r ❡t ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✹✮✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ♣❛ss❛❣❡
❡♥ ♠❛①✐♠✉♠ ❞✬❛❝t✐✈✐té✱ ❝❡tt❡ ❞❡✉①✐è♠❡ ③♦♥❡ ❡st ♣rés❡♥t❡ à ♣r❡sq✉❡ t♦✉t❡s ❧❡s
❧❛t✐t✉❞❡s ✭❞❡ 80◦❙ à 72◦◆✮✱ ❧à ♦ù ❡❧❧❡ ♥❡ s✬ét❡♥❞❛✐t q✉❡ ❞❡ 22◦❙ à 21◦◆ ❧♦rs
❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❡♥ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té✳ ❉❡ ♣❧✉s✱ ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s
♠❛❝r♦s❝♦♣✐q✉❡s ✭t❡❧s q✉❡ ❧❛ ❞❡♥s✐té✱ ❧❛ ✈✐t❡ss❡ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✮ ❞✉
✈❡♥t s♦❧❛✐r❡ ❞❛♥s ❧❡s ③♦♥❡s st❛❜❧❡s ❞❡ ✈❡♥t r❛♣✐❞❡ s❡ s♦♥t tr♦✉✈és êtr❡ s✐♠✐✲
❧❛✐r❡s ❛✉ss✐ ❜✐❡♥ ❡♥ ♠✐♥✐♠✉♠ q✉✬❡♥ ♠❛①✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✳ ❈❡❧❛ ❧❛✐ss❛
♣❡♥s❡r q✉❡ ❧❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ♣r♦✈❡♥❛♥t ❞❡s tr♦✉s ❝♦r♦♥❛✉①
♣♦❧❛✐r❡s ♣✉ss❡♥t êtr❡ ✐♥❞é♣❡♥❞❛♥t❡s ❞✉ ❝②❝❧❡ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡ ✭✈♦♥ ❙t❡✐❣❡r
❡t ❛❧✳✱ ✷✵✵✶✱ ▼❝❈♦♠❛s ❡t ❛❧✳✱ ✷✵✵✸✱ ■ss❛✉t✐❡r ❡t ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✹✮✳

▲✬ét✉❞❡ ❞❡ ❝❡s ❞❡✉① ré❣✐♦♥s ❛✈❡❝ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
❞♦♥♥❡✱ ❧♦rs ❞✉ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✱ ❧❡s rés✉❧t❛ts s✉✐✈❛♥t ✿

✕ ❧❡s ré❣✐♦♥s ❞❡ ✈❡♥t r❛♣✐❞❡ ♣r♦✈❡♥❛♥t ❞❡s tr♦✉s ❝♦r♦♥❛✉① ♣rés❡♥t❡♥t ✉♥❡
t❡♠♣ér❛t✉r❡ ❡t ✉♥❡ ❞❡♥s✐té ✈❛r✐❛♥t r❡s♣❡❝t✐✈❡♠❡♥t ❡♥tr❡ 4× 104 ❡t 6×



✸✳✷✳ ▲❡s ❞❡✉① ♣r❡♠✐❡rs ♣❛ss❛❣❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ✷✸

❋✐❣✉r❡ ✸✳✷ ✕ ❙♣❡❝tr❡s ❞②♥❛♠✐q✉❡s ♦❜t❡♥✉s ❞❡ ♣ô❧❡ à ♣ô❧❡ ❡♥ ✶✾✾✹ ❡t ✶✾✾✺
♣rès ❞✉ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡ ✭❤❛✉t✮ ❡t ♣♦✉r ❧❡ ♠❛①✐♠✉♠ ❡♥ ✷✵✵✵✴✷✵✵✶
✭❜❛s✮✳ ▲✬é❝❤❡❧❧❡ ❞❡ ❝♦✉❧❡✉r ❛✉ ❝❡♥tr❡ r❡♣rés❡♥t❡ ❧✬✐♥t❡♥s✐té r❡❧❛t✐✈❡ ❡♥ ❱2 ❍③−1✳
❚✐ré❡ ❞❡ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✹✮✳



✷✹ ❈❤❛♣✐tr❡ ✸✳ ▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡

104❑ ❡t ❡♥tr❡ 0.8 ❡t 2.5 ❝♠−3✱ ♣♦✉r ❞❡s ❞✐st❛♥❝❡s ❛✉ ❙♦❧❡✐❧ ❝♦♠♣r✐s❡s
❡♥tr❡ ✶✳✺ ❡t ✷✳✸ ❯❆✳

✕ ❧❡s ré❣✐♦♥s ❛✈❡❝ ❞❡ ❣r❛♥❞❡s ✢✉❝t✉❛t✐♦♥s✱ ❡♥tr❡ ✶✳✺ ❡t ✶✳✸ ❯❆✱ ♦♥t ✉♥❡
t❡♠♣ér❛t✉r❡ ❝♦♠♣r✐s❡ ❡♥tr❡ 4× 104 ❡t 3× 105❑ ❡t ✉♥❡ ❞❡♥s✐té ✈❛r✐❛♥t
❡♥tr❡ 0.5 ❡t 20 ❝♠−3✱ ❛✈❡❝ ❞❡s ♣✐❝s ❞❡ très ❢♦rt❡ ❞❡♥s✐té✳

▲❡s ③♦♥❡s st❛❜❧❡s✱ ❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝❡❧❧❡s ♣❧✉s ét❡♥❞✉❡s ❞✉ ♠✐♥✐♠✉♠
❞✬❛❝t✐✈✐té s♦❧❛✐r❡✱ ♥❡ ♣rés❡♥t❡♥t q✉✬✉♥ s❡✉❧ t②♣❡ ❞❡ ✈❡♥t✱ ❧❡ ✈❡♥t r❛♣✐❞❡ ❛✈❡❝
✉♥❡ ✈✐t❡ss❡ ❝♦♠♣r✐s❡ ❡♥tr❡ 700 ❡t 800 ❦♠✳s−1 ✭P❤✐❧❧✐♣s ❡t ❛❧✳✱ ✶✾✾✺✱ ❊❜❡rt
❡t ❛❧✳✱ ✷✵✵✾✮✳ P❛r ❝♦♥séq✉❡♥t✱ s✐ ♥♦✉s s✉♣♣♦s♦♥s q✉❡ ❧✬❡①♣❛♥s✐♦♥ ❞✉ ✈❡♥t ❡st
à s②♠étr✐❡ s♣❤ér✐q✉❡ ❡t q✉✬✐❧ ♥✬② ❛ ♣❛s ❞❡ ✈❛r✐❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ♦✉ ❞❡ ❞é♣❡♥✲
❞❛♥❝❡ ❡♥ ❧❛t✐t✉❞❡✱ ❧❛ ❞❡♥s✐té ❞❡✈r❛✐t ❞é❝r♦îtr❡ ❛✈❡❝ R✱ ❧❛ ❞✐st❛♥❝❡ ♣❛r r❛♣♣♦rt
❛✉ ❙♦❧❡✐❧ ❡♥ ❯❆✱ s✉✐✈❛♥t ❧❛ ❧♦✐ s✉✐✈❛♥t❡ ✿ ne ∝ R−2✳ ❙✉r ❧❛ ✜❣✉r❡ ✸✳✸✱ ♦♥t été
r❡♣rés❡♥té❡s ❧❡s ♠❡s✉r❡s ❞❡ ❧❛ ❞❡♥s✐té ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ♣♦✉r ❧❡s ❤❛✉t❡s ❧❛t✐t✉❞❡s ❞❡ ❧✬❤é♠✐s♣❤èr❡ s✉❞ ✭✜❣✉r❡
✸✳✸ ✭❛✮✮ ❡t ♥♦r❞ ✭✜❣✉r❡ ✸✳✸ ✭❜✮✮✳ ❖♥ ♦❜s❡r✈❡ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤é♠✐s✲
♣❤èr❡ s✉❞ ❧❛ ❞❡♥s✐té ✈❛r✐❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ s✉✐✈❛♥t ne ∝ R−2.003±0.015✱ ❝❡ q✉✐ ❡st
❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧✬❤②♣♦t❤ès❡ ♣ré❝é❞❡♥t❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ❧❛
♣✉✐ss❛♥❝❡ ❡st é❣❛❧❡ à 2.36± 0.02✱ s✉❣❣ér❛♥t ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ ❧❛t✐t✉❞❡ ❡t✴♦✉
❡♥ t❡♠♣s✳

❈♦♥❝❡r♥❛♥t ❧❡s t❡♠♣ér❛t✉r❡s ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ♦❜t❡♥✉❡s ♣❛r ❧❛
s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❧❛ ✜❣✉r❡ ✸✳✸
♠♦♥tr❡ ❧✬❛s②♠étr✐❡ ◆♦r❞✴❙✉❞ ❡st à ♥♦✉✈❡❛✉ ✈✐s✐❜❧❡✱ ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ❞❡ ré❣r❡s✲
s✐♦♥s ❧✐♥é❛✐r❡s s✉✐✈❛♥t❡s ✿ Tc ∝ R−0.64±0.03 ❡t Tc ∝ R−0.83±0.04 ♣♦✉r ❧❡ ❙✉❞ ❡t ❧❡
◆♦r❞ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❆✉ ✈✉ ❞✉ rés✉❧t❛t s✉r ❧❛ ❞❡♥s✐té ♠♦♥tr❛♥t q✉❡ ❧✬❤é♠✐s✲
♣❤èr❡ ❙✉❞ r❡♣rés❡♥t❡ ✉♥ ❡①❡♠♣❧❡ ♣r♦❜❛♥t ❞❡ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ❡♥ ❡①♣❛♥s✐♦♥
s♣❤ér✐q✉❡ ❡t st❛t✐♦♥♥❛✐r❡✱ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✶✾✾✽✮ ❝♦♥❝❧✉❡♥t q✉❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡
❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r Tc ❞✬✉♥ t❡❧ ✈❡♥t ❡st ❞é❝r✐t❡✱ ❡♥tr❡ 1.52 ❡t 2.31❯❆✱ ♣❛r
❧❛ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ s✉✐✈❛♥t❡ ✿

Tc(❑) = 7.5 · 104 ×R−0.64±0.03(❯❆) ✭✸✳✶✮

▲❡ rés✉❧t❛t ❡st à ♠✐✲❝❤❡♠✐♥ ❡♥tr❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❛❞✐❛❜❛t✐q✉❡ ❡t ✐s♦t❤❡r♠❡
❞✉ ✈❡♥t s♦❧❛✐r❡✳

▲❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ✭✈♦✐r ❝❤❛♣✐tr❡ ✺✮ ♣ré✈♦✐❡♥t ✉♥
❝♦♠♣♦rt❡♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❛❞✐❛❜❛t✐q✉❡ ❡t ✐s♦t❤❡r♠❡ ♣♦✉r ❧❛ t❡♠♣ér❛✲
t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ✭▼❡②❡r✲❱❡r♥❡t ❡t ■ss❛✉t✐❡r✱ ✶✾✾✽✮✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡
❝♦♠♣❛r❛✐s♦♥ q✉❛♥t✐t❛t✐✈❡ ♥é❝❡ss✐t❡ ✉♥❡ ♠❡s✉r❡ ♣ré❝✐s❡ ❞✉ ♣r♦✜❧ ❞❡ ❧❛ t❡♠♣ér❛✲
t✉r❡ t♦t❛❧❡ q✉✐ ❡st ❞✐✣❝✐❧❡ ❛✈❡❝ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✉t✐❧✲
✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s✳ ❊♥ ❡✛❡t✱ ❧❛ rés♦❧✉t✐♦♥ ❡♥ ❢réq✉❡♥❝❡
❡t ❧❛ ♠ét❤♦❞❡ ❞✬♦❜t❡♥t✐♦♥ ❞✬✉♥ ♣♦✐♥t ❞❡ ♠❡s✉r❡ ❞❡ ❧✬✐♥str✉♠❡♥t ❯❘❆P ✭❙t♦♥❡
❡t ❛❧✳✱ ✶✾✾✷✮ ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞✬❡✛❡❝t✉❡r ✉♥❡ ét✉❞❡ ♣ré❝✐s❡ ❞❡ ❧❛ ❢♦r♠❡ ❞✉



✸✳✷✳ ▲❡s ❞❡✉① ♣r❡♠✐❡rs ♣❛ss❛❣❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ✷✺

❋✐❣✉r❡ ✸✳✸ ✕ ❱❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❞❡ ❧❛ ❞❡♥s✐té t♦t❛❧❡
❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ♣♦✉r ❧❡s ❤é♠✐s✲
♣❤èr❡s s✉❞ ✭❛✮ ❡t ♥♦r❞ ✭❜✮✳ ❚✐ré❡ ❞❡ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✶✾✾✽✮✳



✷✻ ❈❤❛♣✐tr❡ ✸✳ ▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡

❋✐❣✉r❡ ✸✳✹ ✕ ❙♣❡❝tr❡ ❞②♥❛♠✐q✉❡ ♦❜t❡♥✉ ♣❛r ❯❧②ss❡✴❯❘❆P ❡♥ ✷✵✵✼ ❡♥ ♠✐♥✐✲
♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡ ❡♥tr❡ 60◦❙ ❡t 68◦◆✳ ▲❡s ❞❡♥s✐té ❡t t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝✲
tr♦♥s s♦♥t ❞é❞✉✐t❡s ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
✉t✐❧✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s✳ ▲✬é❝❤❡❧❧❡ ❞❡ ❝♦✉❧❡✉r r❡♣rés❡♥t❡
❧✬✐♥t❡♥s✐té r❡❧❛t✐✈❡ ❡♥ ❱2 ❍③−1✳ ❚✐ré❡ ❞❡ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✽✮✳

♣✐❝ ❞❡ rés♦♥❛♥❝❡ ❞❛♥s ❧❡ ✈❡♥t r❛♣✐❞❡✱ ❞♦♥t ❞é♣❡♥❞❡♥t ❧❡s ♣r♦♣r✐étés s✉♣r❛✲
t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✳
◆♦✉s ✈❡rr♦♥s ❛✉ ❝❤❛♣✐tr❡ ✹ ✉♥❡ ♠ét❤♦❞❡ rés♦❧✈❛♥t ❝❡ ♣r♦❜❧è♠❡✳

✸✳✸ ▲❡ tr♦✐s✐è♠❡ ❡t ❞❡r♥✐❡r ♣❛ss❛❣❡

❊♥ ✷✵✵✼✱ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❛ ❞❡ ♥♦✉✈❡❛✉ ❡✛❡❝t✉é ✉♥ s✉r✈♦❧ r❛♣✐❞❡ ❞✉ ❙♦❧❡✐❧
❞❡ ♣ô❧❡ à ♣ô❧❡ ❡♥ ♣ér✐♦❞❡ ❞❡ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té✳

▲❛ ✜❣✉r❡ ✸✳✹ ♣rés❡♥t❡ ❧❡ s♣❡❝tr❡ ❞②♥❛♠✐q✉❡ ♦❜t❡♥✉ ♣❛r ❯❘❆P ❧♦rs ❞❡ ❝❡
♣❛ss❛❣❡ ❛✐♥s✐ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ Tc ❡t ❧❛ ❞❡♥s✐té ne

♦❜t❡♥✉❡s ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✳ ❊♥ r❛✐s♦♥ ❞❡ ❧❛ ♥é❝❡ss✐té
❞❡ ♣rés❡r✈❡r ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ s♦♥❞❡✱ ❧✬✐♥str✉♠❡♥t ❯❘❆P ♥❡ ❢✉t ❛❧❧✉♠é q✉❡ ❞✉
1er ♠❛✐ ❛✉ 26 ♥♦✈❡♠❜r❡ ✷✵✵✼✱ ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❞❡ r❡♥❞r❡ ✐♥❛❝❝❡ss✐❜❧❡
❧✬ét✉❞❡ ❞❡s ❞♦♥♥é❡s ❯❘❆P ♣♦✉r ❧❡s ❧❛t✐t✉❞❡s s✉♣ér✐❡✉r❡s à 60◦❙ ❡t à 68◦◆✳

▲❛ ✜❣✉r❡ ✸✳✹ ♠♦♥tr❡ à ♥♦✉✈❡❛✉ ❧❡s ❞❡✉① ré❣✐♦♥s ❞✐✛ér❡♥t❡s✱ ❝♦♠♠❡ ❧♦rs ❞✉
♣r❡♠✐❡r ♣❛ss❛❣❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❡♥ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛



✸✳✸✳ ▲❡ tr♦✐s✐è♠❡ ❡t ❞❡r♥✐❡r ♣❛ss❛❣❡ ✷✼

③♦♥❡ éq✉❛t♦r✐❛❧❡ ♦ù ❯❧②ss❡ tr❛✈❡rs❡ ❧❛ ❧❛♠❡ ❞❡ ❝♦✉r❛♥t ❡st ✐❝✐ ❜❡❛✉❝♦✉♣ ♣❧✉s
ét❡♥❞✉❡ ❡t ❛s②♠étr✐q✉❡ q✉✬❡♥ ✶✾✾✹✴✶✾✾✺✱ s✬ét❡♥❞❛♥t ❞❡ 30◦❙ à 37◦◆✳

▲❛ ✜❣✉r❡ ✸✳✺ ❞♦♥♥❡ ❧❡s ❤✐st♦❣r❛♠♠❡s ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♥♦r♠❛❧✲
✐sé❡ à 1❯❆ ✭❡♥ ✈❡rt s✉r ❧❛ ✜❣✉r❡✮ ♣♦✉r ❧❡s ❤é♠✐s♣❤èr❡s ♥♦r❞ ✭❡♥✈✐r♦♥ 64 400

♠❡s✉r❡s✮ ❡t s✉❞ ✭❡♥✈✐r♦♥ 63 000 ♠❡s✉r❡s✮ ♣❡♥❞❛♥t ❝❡ ❞❡r♥✐❡r ♣❛ss❛❣❡ ❞❡ ♣ô❧❡ à
♣ô❧❡✳ ❈❡s ❤✐st♦❣r❛♠♠❡s s♦♥t ♣r♦❝❤❡s ❞✬êtr❡ ❣❛✉ss✐❡♥s✱ ✐♥❞✐q✉❛♥t ✉♥ s❡✉❧ t②♣❡
❞❡ ✈❡♥t✳ ❙✉r ❧❛ ✜❣✉r❡ ✸✳✺✱ s♦♥t é❣❛❧❡♠❡♥t s✉♣❡r♣♦sés ❧❡s ❤✐st♦❣r❛♠♠❡s ❞❡ ❧❛
❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♦❜t❡♥✉s ❧♦rs ❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞❛♥s ❧❡s
❞❡✉① ❤é♠✐s♣❤èr❡s ✭❡♥ ❣r✐s✮✳ P♦✉r ❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ✭❡♥tr❡ 37◦ ❡t 68◦◆✮✱ ❧❛
♠♦②❡♥♥❡ ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♥♦r♠❛❧✐sé❡ à 1❯❆ ♦❜t❡♥✉❡ ❡♥ ✷✵✵✼ ❡st ❞❡
2.06 ❝♠−3 ❛✈❡❝ ✉♥ é❝❛rt✲t②♣❡ ❞❡ 0.62 ❝♠−3✱ s♦✐t 16% ♠♦✐♥s ❞❡♥s❡ q✉❡ ♣♦✉r ❧❡
✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ❞✉ tr♦✉ ❝♦r♦♥❛❧ ♣♦❧❛✐r❡ ♥♦r❞ à ♣❧✉s ❞❡ 40◦◆ ❡♥ ✶✾✾✹ ✭■s✲
s❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✽✱ ✷✵✵✽✮✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤é♠✐s♣❤èr❡ s✉❞ ✭❡♥tr❡ 30◦ ❡t 60◦❙✮✱
❧❛ ♠♦②❡♥♥❡ ❞❡ ❧❛ ❞❡♥s✐té ♥♦r♠❛❧✐sé❡ ❡st ❞❡ 2.09 ❝♠−3 ❛✈❡❝ ✉♥ é❝❛rt✲t②♣❡ ❞❡
0.58 ❝♠−3 ❡♥ ✷✵✵✼✱ s♦✐t 21% ❞❡ ♠♦✐♥s q✉❡ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞ ❡♥ ✶✾✾✹✴✶✾✾✺
✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✷✵✵✽✮✳

❈♦♥s✐❞ér♦♥s ♠❛✐♥t❡♥❛♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s Tc✳ ▲❛ ♥♦r♠❛❧✐s❛t✐♦♥ à 1❯❆ ❡st ❢❛✐t❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ré✲
s✉❧t❛t ❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❞✬❯❧②ss❡✱ s♦✐t ❡♥ R−0.64 ❛✈❡❝ R ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥✲
tr✐q✉❡ ❡♥ ❯❆✳ ▲❛ ✜❣✉r❡ ✸✳✻ ♣rés❡♥t❡ ❧❡s ❤✐st♦❣r❛♠♠❡s ❞❡ Tc ♥♦r♠❛❧✐sé à 1❯❆
♣♦✉r ✷✵✵✼ ✭♦r❛♥❣❡✮ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ✭❣❛✉❝❤❡✮ ❡t ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞
✭❞r♦✐t❡✮✳ ▲❡s ❤✐st♦❣r❛♠♠❡s ❣r✐s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❞♦♥♥é❡s ♦❜t❡♥✉❡s ❡♥ ✶✾✾✹
❡t ✶✾✾✺ ❧♦rs ❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❞✬❯❧②ss❡✳ ■❝✐ ❡♥❝♦r❡✱ ❧❡s ❤✐st♦❣r❛♠♠❡s s♦♥t
♣r♦❝❤❡s ❞✬êtr❡ ❣❛✉ss✐❡♥s✱ ✐♥❞✐q✉❛♥t ✉♥ s❡✉❧ t②♣❡ ❞❡ ✈❡♥t✳ ❊♥ ✷✵✵✼✱ ❧❡ ✈❡♥t
r❛♣✐❞❡ ❞❡ ❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ❛ ♣♦✉r t❡♠♣ér❛t✉r❡ ♥♦r♠❛❧✐sé❡ ❞✉ ❝÷✉r ❞❡s é❧❡❝✲
tr♦♥s ✉♥❡ ♠♦②❡♥♥❡ ❞❡ 6.2 × 104❑ ❛✈❡❝ ✉♥ é❝❛rt✲t②♣❡ ❞❡ 1.3 × 104❑✱ ♣r♦❝❤❡
❞❡s ✈❛❧❡✉rs ♥♦r♠❛❧✐sé❡s ♦❜t❡♥✉❡ ♣♦✉r ❧✬❤é♠✐s♣❤èr❡ s✉❞ ✿ 6.43 × 104❑ ❛✈❡❝
✉♥ é❝❛rt✲t②♣❡ ❞❡ 1.1 × 104❑✳ ❈❡❧❛ ❞é♥♦t❡ ❧✬❛❜s❡♥❝❡ ❞✬❛s②♠étr✐❡ ♥♦r❞✴s✉❞ ❡♥
✷✵✵✼ ❝♦♥tr❛✐r❡♠❡♥t à ❧❛ s✐t✉❛t✐♦♥ ❞❡ ✶✾✾✹ ❡t ✶✾✾✺✱ q✉✐ ét❛✐t ♣❡✉t✲êtr❡ ❧✐é❡ à
✉♥❡ é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬❛❝t✐✈✐té s♦❧❛✐r❡ ❛✈❛♥t ❞✬❛tt❡✐♥❞r❡ ❧❡ ♠✐♥✐♠✉♠ ❡♥
✶✾✾✻✳ ▲❛ ♠♦②❡♥♥❡ ❞❡ Tc ♥♦r♠❛❧✐sé❡ à 1❯❆ ❡♥ ✷✵✵✼ ❡st ♣❧✉s ♣❡t✐t❡ q✉❡ ❧♦rs ❞✉
♣r❡♠✐❡r ♣❛ss❛❣❡ ❡♥ ✶✾✾✹ ❡t ✶✾✾✺✱ ❛✈❡❝✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ 11%
❡t ❞❡ 14% ♣♦✉r ❧❡s ❤é♠✐s♣❤èr❡s ♥♦r❞ ❡t s✉❞ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✷✵✵✽✮✳

P❛r❛❧❧è❧❡♠❡♥t à ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝✲
tr♦♥s ❡♥tr❡ ✶✾✾✹✴✶✾✾✺ ❡t ✷✵✵✼✱ ❧❛ ❝♦♠♣♦s❛♥t❡ r❛❞✐❛❧❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
✐♥t❡r♣❧❛♥ét❛✐r❡ ❛ ❞✐♠✐♥✉é ❞❡ ♣❧✉s ❞❡ 35%✱ ♣❛ss❛♥t ❞❡ 3.2 à 2.04 ♥❚ ❞❛♥s ❧❡s
❞❡✉① ❤é♠✐s♣❤èr❡s ✭❙♠✐t❤ ❡t ❇❛❧♦❣❤✱ ✷✵✵✽✮✱ ❛❧♦rs q✉❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦✲
❧❛✐r❡ ❡st s✐♠✐❧❛✐r❡ ♣♦✉r ❧❡s ❞❡✉① ♣❛ss❛❣❡s✱ ❛✈❡❝ ✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞✬❡♥✈✐r♦♥
750 ❦♠✳s−1 ✭▼❝❈♦♠❛s ❡t ❛❧✳✱ ✷✵✵✽✮✳

▲❛ ✜❣✉r❡ ✸✳✼ ♠♦♥tr❡ ❧❡ ✢✉① ❞✬é❧❡❝tr♦♥s✱ ♥♦r♠❛❧✐sé à 1❯❆✱ neV R
2
AU ✭♣♦✐♥ts✮

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



✷✽ ❈❤❛♣✐tr❡ ✸✳ ▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡

❋✐❣✉r❡ ✸✳✺ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♥♦r♠❛❧✐sé❡ à 1❯❆✱
❛✈❡❝ ✉♥ ♣❛s ❞❡ 0.17 ❝♠−3✱ ❡♥ ♣ér✐♦❞❡ ❞❡ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡ ♣❡♥❞❛♥t
❧❡ ♣❛ss❛❣❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡ ❞❡ ✷✵✵✼ ✭✈❡rt✮✱ à ♣❧✉s ❞❡ 37◦ ❞❡ ❧❛t✐t✉❞❡
♥♦r❞ ✭❣❛✉❝❤❡✮ ❡t à ♣❧✉s ❞❡ 30◦ ❞❡ ❧❛t✐t✉❞❡ s✉❞ ✭❞r♦✐t❡✮✳ ▲❡s ❤✐st♦❣r❛♠♠❡s
❣r✐s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♥♦r♠❛❧✐sé❡ à 1❯❆ ♦❜t❡♥✉s ❧♦rs
❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❞✬❯❧②ss❡ ❡♥ ✶✾✾✹ ❡t ✶✾✾✺ ❛✉① ❧❛t✐t✉❞❡s s✉♣ér✐❡✉r❡s à 40◦✳
❚✐ré❡ ❞❡ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✽✮✳



✸✳✸✳ ▲❡ tr♦✐s✐è♠❡ ❡t ❞❡r♥✐❡r ♣❛ss❛❣❡ ✷✾

❋✐❣✉r❡ ✸✳✻ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ ❝÷✉r ♥♦r✲
♠❛❧✐sé❡ à 1❯❆✱ ❛✈❡❝ ✉♥ ♣❛s ❞❡ 5 × 103 ❑✱ ❡♥ ♣ér✐♦❞❡ ❞❡ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té
s♦❧❛✐r❡ ♣❡♥❞❛♥t ❧❡ ♣❛ss❛❣❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡ ❞❡ ✷✵✵✼ ✭♦r❛♥❣❡✮✱ à ♣❧✉s
❞❡ 37◦ ❞❡ ❧❛t✐t✉❞❡ ♥♦r❞ ✭❣❛✉❝❤❡✮ ❡t à ♣❧✉s ❞❡ 30◦ ❞❡ ❧❛t✐t✉❞❡ s✉❞ ✭❞r♦✐t❡✮✳
▲❡s ❤✐st♦❣r❛♠♠❡s ❣r✐s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ ❝÷✉r
♥♦r♠❛❧✐sé❡ à 1❯❆ ♠❡s✉ré❡ ❧♦rs ❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ ❞✬❯❧②ss❡ ❡♥ ✶✾✾✹ ❡t ✶✾✾✺
❛✉① ❧❛t✐t✉❞❡s s✉♣ér✐❡✉r❡s à 40◦✳ ❚✐ré❡ ❞❡ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✽✮✳



✸✵ ❈❤❛♣✐tr❡ ✸✳ ▲✬❤é❧✐♦s♣❤èr❡ s❡❧♦♥ ❯❧②ss❡

❋✐❣✉r❡ ✸✳✼ ✕ ✭●❛✉❝❤❡✮ ❋❧✉① ❞✬é❧❡❝tr♦♥s ♥♦r♠❛❧✐sé ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❡♥ ❢♦♥❝✲
t✐♦♥ ❞✉ ♠♦❞✉❧❡ ❞❡ ❧❛ ❧❛t✐t✉❞❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ ♣r♦✈❡♥❛♥t ❞❡s
tr♦✉s ❝♦r♦♥❛✉① ♣♦❧❛✐r❡s✱ ♣❡♥❞❛♥t ❧❡s ♣❛ss❛❣❡s r❛♣✐❞❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡
❛✉ ♠✐♥✐♠✉♠ ❞❡ ✶✾✾✹✲✶✾✾✺ ✭✈❡rt ❝❧❛✐r ♣♦✉r ❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ❡t ✈❡rt ❢♦♥❝é
♣♦✉r ❧✬❤é♠✐s♣❤èr❡ s✉❞✮✱ ❛✉ ♠❛①✐♠✉♠ ❞❡ ✷✵✵✶ ✭❜❧❡✉ ♣♦✉r ❧❡ tr♦✉ ❝♦r♦♥❛❧ ❞✉
♣ô❧❡ ♥♦r❞✮ ❡t ❛✉ ♠✐♥✐♠✉♠ ❞❡ ✷✵✵✼ ✭♦r❛♥❣❡ ♣♦✉r ❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ❡t r♦✉❣❡
♣♦✉r ❧✬❤é♠✐s♣❤èr❡ s✉❞✮✳ ▲❡s ♠❡s✉r❡s s♦♥t ♠♦②❡♥♥é❡s s✉r ✉♥❡ r♦t❛t✐♦♥ s♦❧❛✐r❡ ❡t
r❡♣rés❡♥té❡s ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ♠♦②❡♥♥❡s ❡t ♠é❞✐❛♥❡s✳ ▲❡s ♠♦②❡♥♥❡s s✉r ❧❡s ❧❛t✲
✐t✉❞❡s ❞✉ ✢✉① ❞❡s é❧❡❝tr♦♥s ♥♦r♠❛❧✐sé ♣♦✉r ❧❡s ❞❡✉① ♠✐♥✐♠❛ s♦♥t r❡♣rés❡♥té❡s
❛✈❡❝ ❧❡ ♠ê♠❡ ❝♦❞❡ ❝♦✉❧❡✉r q✉❡ ❧❡s ♠❡s✉r❡s✳ ✭❉r♦✐t❡✮ ▲❡s ✜❣✉r❡s ❝♦♠♣♦s✐t❡s ❞❡s
❞♦♥♥é❡s ❊■❚ ✭❝❡♥tr❡✮✱ ❞✉ ❝♦r♦♥♦❣r❛♣❤❡ ❍❆❖ ▼❛✉♥❛ ▲♦❛ ✭❛♥♥❡❛✉ ✐♥t❡r♥❡✮ ❡t
❞❡ ▲❆❙❈❖ ❈✷ ✭❡①tér✐❡✉r❡✮ ♣rés❡♥t❡♥t ❧✬ét❛t ❞❡ ❧❛ ❝♦✉r♦♥♥❡ ♣❡♥❞❛♥t ❧❡s tr♦✐s
♣❛ss❛❣❡s r❛♣✐❞❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡✱ ❡♥ r❛♣♣❡❧❛♥t ❧❡ ❝♦❞❡ ❝♦✉❧❡✉r ✉t✐❧✐sé✳
❚✐ré❡ ❞❡ ■ss❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✽✮✳



✸✳✸✳ ▲❡ tr♦✐s✐è♠❡ ❡t ❞❡r♥✐❡r ♣❛ss❛❣❡ ✸✶

❝♦r♦♥❛✉① ♣♦❧❛✐r❡s ♦❜s❡r✈é ♣❡♥❞❛♥t ❧❡s tr♦✐s ♣❛ss❛❣❡s ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡✳
▲❛ ❞❡♥s✐té ✉t✐❧✐sé❡ ❡st ❝❡❧❧❡ ♦❜t❡♥✉❡ ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
❛✈❡❝ ❧✬✐♥str✉♠❡♥t ❯❘❆P ❡t ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t V ♣r♦✈✐❡♥t ❞❡ ❧✬❛♥❛❧②s❡✉r ❞❡ ♣❛r✲
t✐❝✉❧❡s ❙❲❖❖P❙✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ✷✵✵✼✱ ❧❡s ❞♦♥♥é❡s r❡♣rés❡♥té❡s ♣❛r ❞❡s tr✐❛♥✲
❣❧❡s s♦♥t ❞é❞✉✐t❡s ❞❡s ♠❡s✉r❡s ❞❡ ❞❡♥s✐té ❞❡s ♣r♦t♦♥s ❡t ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛
❞❡ ❙❲❖❖P❙✱ ❛✜♥ ❞❡ ❝♦♠♣❧ét❡r ❧❡s ❞♦♥♥é❡s ♠❛♥q✉❛♥t❡s ❡♥ r❛✐s♦♥ ❞❡ ❧✬❛rrêt ❞❡
❧✬✐♥str✉♠❡♥t ❯❘❆P✳ ❉❡s ✐♠❛❣❡s ❝♦♠♣♦s✐t❡s ❞❡ ❙❖❍❖✴❊■❚✱ ❞✉ ❝♦r♦♥♦❣r❛♣❤❡
❍❆❖ ▼❛✉♥❛ ▲♦❛ ❡t ❞❡ ❙❖❍❖✴▲❆❙❈❖ ❈✷ ♠♦♥tr❡♥t ❧✬ét❛t ❞❡ ❧❛ ❝♦✉r♦♥♥❡ ❧♦rs
❞❡ ❝❡s tr♦✐s ♣❛ss❛❣❡s✳ P♦✉r ❧❡ ♣❛ss❛❣❡ ❞❡ ✶✾✾✹✴✶✾✾✺✱ ❧❡ ✢✉① ❞✬é❧❡❝tr♦♥s ♥♦r♠❛❧✲
✐sé ✭❡♥ ✈❡rt✮ ❞❛♥s ❧❡s tr♦✉s ❝♦r♦♥❛✉① ♣♦❧❛✐r❡s ❡st s✐♠✐❧❛✐r❡ ❞❛♥s ❧❡s ❞❡✉① ❤é♠✐s✲
♣❤èr❡s ❛✈❡❝ ✉♥❡ ♠♦②❡♥♥❡ ❞❡ 1.9 × 1012♠2✳s−1 ❛✉ ♥♦r❞ ❡t ❞❡ 2 × 1012♠2✳s−1

❛✉ s✉❞✳ ❉❛♥s ❧❡ tr♦✉ ❝♦r♦♥❛❧ ❞✉ ♣ô❧❡ ♥♦r❞ ❧♦rs ❞✉ ♠❛①✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡
❞❡ ✷✵✵✶ ✭❡♥ ❜❧❡✉ s✉r ❧❛ ✜❣✉r❡ ✸✳✼✮✱ ❧❡ ✢✉① ♠♦②❡♥ ❡st ❞❡ 2.1 × 1012♠2✳s−1✱
q✉❛s✐♠❡♥t é❣❛❧ à ❝❡❧✉✐ ❞❡ ✶✾✾✹✴✶✾✾✺✱ ♠♦♥tr❛♥t ✉♥ ✢✉① ❞✬é❧❡❝tr♦♥s s✐♠✐❧❛✐r❡
♣r♦✈❡♥❛♥t ❞❡s tr♦✉s ❝♦r♦♥❛✉① ♣♦❧❛✐r❡s ❡♥ ♠❛①✐♠✉♠ ❡t ❡♥ ♠✐♠✐♥✉♠ ❞✬❛❝t✐✈✲
✐té s♦❧❛✐r❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡ ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❡♥ ✷✵✵✼ ré✈è❧❡ ✉♥❡
❣r❛♥❞❡ ❝❤✉t❡ ❞❛♥s ❧❡ ✢✉① ♠♦②❡♥ ❞❡s é❧❡❝tr♦♥s✱ à ❧❛ ❢♦✐s ❞❛♥s ❧✬❤é♠✐s♣❤èr❡
♥♦r❞ ✭♦r❛♥❣❡✮ ❛✈❡❝ 1.4 × 1012♠2✳s−1 ❡t ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞ ✭r♦✉❣❡✮ ❛✈❡❝
1.5 × 1012♠2✳s−1✳ ❈❡❧❛ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✬❡♥✈✐r♦♥ 25% ❞✉ ✢✉①
❞❡ ♣❛rt✐❝✉❧❡s ❡♥tr❡ ❧❡s ♠✐♥✐♠❛ ❞❡ ✶✾✾✹✴✶✾✾✺ ❡t ✷✵✵✼✳ ❖♥ r❡♠❛rq✉❡ é❣❛❧❡♠❡♥t✱
❞❛♥s ❧❡ ❝❛s ❞❡s ❞❡✉① ♠✐♥✐♠❛✱ q✉❡ ❧❡ ✢✉① ♥♦r♠❛❧✐sé ❡♥ R2 ❡st ♣r❛t✐q✉❡♠❡♥t
✐♥❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❧❛t✐t✉❞❡✳

▲✬♦r✐❣✐♥❡ ❞❡ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❞❛♥s ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡ ❡♥tr❡ ❧❡s
♠✐♥✐♠❛ ❞❡s ❝②❝❧❡s ✷✷ ❡t ✷✸ ❡st t♦✉❥♦✉rs ❞é❜❛tt✉❡✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡ ♣❛ss❛❣❡
❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡ ♣❡♥❞❛♥t ❧❡ ❝②❝❧❡ ✷✷ ❡✉t ❧✐❡✉ ❧é❣èr❡♠❡♥t ❛✈❛♥t ❧❡ ♠✐♥✲
✐♠✉♠✱ ❞❡ s♦rt❡ q✉❡ ❧❡ ♥♦♠❜r❡ ♠♦②❡♥ ❞❡ t❛❝❤❡ s♦❧❛✐r❡ ❡♥ ✷✵✵✼ ❢✉t ♣❧✉s ❢❛✐❜❧❡
q✉✬❡♥ ✶✾✾✹✴✶✾✾✺✳ ◆♦✉s ❛✉r✐♦♥s ♣✉ ♥♦✉s ❛tt❡♥❞r❡ à ✈♦✐r ❛❧♦rs ❡♥ ✷✵✵✼ ✉♥❡ ❧❛♠❡
♥❡✉tr❡ ✭❍❈❙✮ ♠♦✐♥s ét❡♥❞✉❡ ❡t ♠♦✐♥s ✐♥❝❧✐♥é❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❝♦♠♠❡ ✈✉ s✉r
❧❛ ✜❣✉r❡ ✸✳✹✱ ❧❡s ♠❡s✉r❡s é❧❡❝tr♦♥✐q✉❡s ♠♦♥tr❡♥t q✉❡ ❧❛ ❍❈❙ ❝♦✉✈r❡ ✉♥❡ ③♦♥❡
♣❧✉s ❣r❛♥❞❡✳ ❈❡❧❛ ♣❡✉t êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✬✉♥ s♦✉s✲❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s tr♦✉s
❝♦r♦♥❛✉① ♣♦❧❛✐r❡s ❡♥ ✷✵✵✼✱ ❛✐♥s✐ q✉❡ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ tr♦✉ ❝♦r♦♥❛❧ à ❜❛ss❡s
❧❛t✐t✉❞❡s ♦❜s❡r✈é ❛✉ ♠♦♠❡♥t ❞✉ ♣❛ss❛❣❡ ❞✬❯❧②ss❡✳ ❊♥ ♣❧✉s ❞❡ ❝❡tt❡ ❝♦♥✜❣✉✲
r❛t✐♦♥ ❞❡ ❧❛ ❝♦✉r♦♥♥❡ ❛t②♣✐q✉❡ ♣♦✉r ✉♥ ♠✐♥✐♠✉♠✱ ❝♦♠♠❡ ❝❡❧❛ ❡st ♠♦♥tré s✉r
❧❡s ✐♠❛❣❡s ❞❡ ❙♦❍♦ ❞❡ ❧❛ ✜❣✉r❡ ✸✳✼✱ ❧❡ ♠✐♥✐♠✉♠ ❞✉ ❝②❝❧❡ ✷✸ ❞✉r❡ ❜❡❛✉❝♦✉♣
♣❧✉s ❧♦♥❣t❡♠♣s q✉✬❤❛❜✐t✉❡❧❧❡♠❡♥t✱ ❝♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✸✳✽✳

◆é❛♥♠♦✐♥s✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞✬✉♥ ❝②❝❧❡ à ❧✬❛✉tr❡ ❞❡s ♣r♦♣r✐étés ❞❡ ❧❛ ❝♦✉r♦♥♥❡
❡t ❞✉ ✈❡♥t s♦❧❛✐r❡ ♥❡ s♦♥t ♣❛s ✐♥❤❛❜✐t✉❡❧❧❡s✳ ❋✐♥❛❧❡♠❡♥t✱ ❧❡s ❞✐✛ér❡♥❝❡s ♦❜✲
s❡r✈é❡s ♣♦✉rr❛✐❡♥t êtr❡ ❧✐é❡s ❛✉ ❝②❝❧❡ ❞❡ ✷✷ ❛♥s ♦✉ ❡♥❝♦r❡ à ✉♥❡ ♣❧✉s ❧♦♥❣✉❡
♣ér✐♦❞❡✱ ❝♦♥séq✉❡♥❝❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠♦ s♦❧❛✐r❡ ✭❲❡✐ss✱ ✶✾✾✹✮✳ P❧✉s
✐♥tér❡ss❛♥t ❡♥❝♦r❡✱ ❧❛ ✈✐t❡ss❡ t❡r♠✐♥❛❧❡ ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ❝♦♥st❛♥t❡ ❡♥tr❡ ❧❡s
❝②❝❧❡s ✷✷ ❡t ✷✸ ❛❧♦rs q✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡
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❋✐❣✉r❡ ✸✳✽ ✕ ◆♦♠❜r❡ ♠❡♥s✉❡❧ ❞❡ t❛❝❤❡s s♦❧❛✐r❡s ❡♥tr❡ ❥❛♥✈✐❡r ✶✾✾✵ ❡t ♠❛✐
✷✵✶✵✱ ❛✈❡❝ ✐♥❞✐q✉é❡s ♣❛r ❧❡s tr❛✐ts ❜❧❡✉s ❧❡s ♣ér✐♦❞❡s ❞❡s tr♦✐s ♣❛ss❛❣❡s r❛♣✐❞❡s
❞❡ ♣ô❧❡ à ♣ô❧❡ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡✳

❞❡s ♣❛rt✐❝✉❧❡s ❞✉ ♠✐❧✐❡✉ ♦♥t ❞✐♠✐♥✉é✱ s✉❣❣èr❡ ✉♥❡ r❡❧❛t✐✈❡ ✐♥❞é♣❡♥❞❛♥❝❡ ❞✉
♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣❛r r❛♣♣♦rt à ❧❛ q✉❛♥t✐té ❞✬é♥❡r❣✐❡
♠❛❣♥ét✐q✉❡ ❡t t❤❡r♠✐q✉❡ ❞✉ ♠✐❧✐❡✉✳

✸✳✹ ❘és✉♠é

▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✉t✐❧✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡
▼❛①✇❡❧❧✐❡♥♥❡s ❛ ♣❡r♠✐s ❞❡ ♠❡s✉r❡r ❧❡s ✈❛r✐❛t✐♦♥s t❡♠♣♦r❡❧❧❡s✱ r❛❞✐❛❧❡s ❡t ❡♥
❧❛t✐t✉❞❡s ❞❡ ❧❛ ❞❡♥s✐té ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝✲
tr♦♥s✳ ●râ❝❡ à ❧✬❡①❝❡♣t✐♦♥♥❡❧❧❡ ❧♦♥❣é✈✐té ❞✬❯❧②ss❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ♦❜s❡r✈❡r ❧❡s
✈❛r✐❛t✐♦♥s ❞❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡♥tr❡ ❞❡✉① ♠✐♥✐♠❛ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✱
❡t ❧✬♦r❜✐t❡ ❞✬❯❧②ss❡ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ♠❡s✉r❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
❞✉ ❝÷✉r ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧ ♠❡tt❛♥t ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❝♦♠✲
♣♦rt❡♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❛❞✐❛❜❛t✐q✉❡ ❡t ✐s♦t❤❡r♠❡✱ ❡♥ ❛❝❝♦r❞
❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ❞✉ ✈❡♥t s♦❧❛✐r❡✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧✬✐♥str✉♠❡♥t ❯❘❆P ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡
♠❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❡ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡ ❡♥ ❝♦♥s✐❞ér❛♥t ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ❡♥ t❛♥t q✉❡
❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s✳



❈❤❛♣✐tr❡ ✹

❉✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ✧❦❛♣♣❛✧

❙♦♠♠❛✐r❡
✹✳✶ P❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✹✳✷ ❇r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✷✳✶ ▼ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✷✳✷ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✹✳✸ ❊✛❡ts ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ s✉r ❧❡s ❛✉tr❡s ❜r✉✐ts ✳ ✳ ✳ ✳ ✸✽

✹✳✸✳✶ ❇r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹✳✸✳✷ ❇r✉✐t ❞❡s ♣r♦t♦♥s ❞é❝❛❧é ❉♦♣♣❧❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✹ ❘és✉♠é ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❛✉ ❝❤❛♣✐tr❡ ✷✱ ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞é♣❡♥❞ ❞❡
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛❧❧♦♥s ❞♦♥❝
❞♦♥♥❡r ❧❡s ♦✉t✐❧s t❤é♦r✐q✉❡s ♥é❝❡ss❛✐r❡s ❛✉ ❝❛❧❝✉❧ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛✱ q✉❡ ♥♦✉s ❛✈♦♥s ♣rés❡♥té ♣ré❝é❞❡♠♠❡♥t✳ ▲❡s ❝❛❧❝✉❧s
❛♥❛❧②t✐q✉❡s ❞❡ ❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t ✭✶✾✾✶✮ ♥❡ s♦♥t ✈❛❧❛❜❧❡s q✉❡ ♣♦✉r ❧❡s
✈❛❧❡✉rs ❡♥t✐èr❡s ❞❡ κ✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❣é♥ér❛❧✐s♦♥s ❧❛ ♠ét❤♦❞❡ ♣♦✉r ❧❡s
✈❛❧❡✉rs ré❡❧❧❡s ❞❡ κ✱ ❝❡ q✉✐ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ à ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡
♣♦✉r ✉♥ ❞✐❛❣♥♦st✐❝ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s é❧❡❝tr♦♥s✳

✹✳✶ P❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡

▲❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡st ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✷✳✾✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛ ✭❞é✜♥✐❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✷✳✸✮✱ ♥♦✉s
♦❜t❡♥♦♥s ✿

εL = 1 +
2πω2

p

k
A

∫ +∞

−∞

v‖
(kv‖ − ω − io)(1 + v2‖/κv

2
0)

κ+1
dv‖ ✭✹✳✶✮

❊♥ ♣♦s❛♥t x = v‖/κ
1/2v0 ❡t z = ω/κ1/2kv0✱ ♥♦✉s ❛✈♦♥s ✿

εL = 1 +
2πω2

p

k2
(
1

πv20

κ− 1/2

κ
+ zI) ✭✹✳✷✮



✸✹ ❈❤❛♣✐tr❡ ✹✳ ❉✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ✧❦❛♣♣❛✧

❛✈❡❝

I = Av0κ
1/2

∫ +∞

−∞

dx

(x− z − io)(x2 + 1)κ+1
✭✹✳✸✮

▲✬✐♥té❣r❛❧❡ I ♣rés❡♥t❡ ✉♥ ♣ô❧❡ ♣♦✉r x = z + io✳ P♦s♦♥s ✿

1

(x2 + 1)κ+1
=

[

1

(x2 + 1)κ+1
− 1

(z2 + 1)κ+1

]

+
1

(z2 + 1)κ+1
✭✹✳✹✮

♥♦✉s ♦❜t❡♥♦♥s ❛❧♦rs ✿

I = Av0κ
1/2

×
{
∫ +∞

−∞

1

(x− z − io)

[

1

(x2 + 1)κ+1
− 1

(z2 + 1)κ+1

]

dx

+

[

1

(z2 + 1)κ+1

∫ +∞

−∞

dx

(x− z − io)

]}

✭✹✳✺✮

▲❛ ♣r❡♠✐èr❡ ✐♥té❣r❛❧❡ ♣rés❡♥t❡ ✉♥ ❢❛❝t❡✉r ♠✉❧t✐♣❧✐❝❛t✐❢ q✉✐ s✬❛♥♥✉❧❡ ❞❛♥s
❧❛ ❧✐♠✐t❡ x→ z✳ ❊❧❧❡ ❡st ❛♥❛❧②t✐q✉❡ ♣rès ❞❡ ❧✬❛①❡ ❞❡s ré❡❧s ❡t ❧❡ t❡r♠❡ io ♥✬❡st
♣❧✉s r❡q✉✐s✳ ▲❛ s❡❝♦♥❞❡ ✐♥té❣r❛❧❡ ❡st ❝❛❧❝✉❧é❡ ♣❛r ❧❡ t❤é♦rè♠❡ ❞❡s rés✐❞✉s✱ ❡♥
✐♥❞❡♥t❛♥t ❧❡ ❝♦♥t♦✉r ❛✉t♦✉r ❞❡ x = z ❛✈❡❝ ✉♥ ♣❡t✐t ❞❡♠✐✲❝❡r❝❧❡ ❡t ❡♥ ❢❡r♠❛♥t ❧❡
❝♦♥t♦✉r ❛✈❡❝ ✉♥ ❣r❛♥❞ ❞❡♠✐✲❝❡r❝❧❡ ❞❛♥s ❧❡ ❞❡♠✐✲♣❧❛♥ s✉♣ér✐❡✉r✱ ❝❡ q✉✐ ❞♦♥♥❡ ✿

iπ

(z2 + 1)κ+1

▲❛ ♣❛rt✐❡ ✐♠❛❣✐♥❛✐r❡ ❞❡ ❧❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❡st ❞♦♥❝ ✿

Im[εL] =
2Γ(κ+ 1)z3

Γ(κ− 1/2)r2

√
π

(z2 + 1)κ+1
✭✹✳✻✮

♦ù r = f/fp = ω/ωp✳
▲❛ ♣❛rt✐❡ ré❡❧❧❡ ❞❡ ❧❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❡st ❞♦♥♥é❡ ♣❛r ❧❛ ♣r❡♠✐èr❡

♣❛rt✐❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✹✳✺ s❡r❛ ✐♥té❣ré❡ ♥✉♠ér✐q✉❡♠❡♥t ❡♥ ❢❛✐s❛♥t ❛tt❡♥t✐♦♥ ❛✉①
❧✐♠✐t❡s ✐♥✜♥✐❡s✳ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✉ t❡r♠❡ 1/(x − z)✱ ❧✬✐♥té❣r❛t✐♦♥
♥é❝❡ss✐t❡ ❞✬êtr❡ sé♣❛ré❡ ❡♥ tr♦✐s✱

∫ +∞

−∞

1

(x− z)

[

1

(x2 + 1)κ+1
− 1

(z2 + 1)κ+1

]

dx =

∫ −β

−∞

1

(x− z)

[

1

(x2 + 1)κ+1
− 1

(z2 + 1)κ+1

]

dx

+

∫ +β

−β

1

(x− z)

[

1

(x2 + 1)κ+1
− 1

(z2 + 1)κ+1

]

dx

+

∫ +∞

+β

1

(x− z)

[

1

(x2 + 1)κ+1
− 1

(z2 + 1)κ+1

]

dx ✭✹✳✼✮



✹✳✷✳ ❇r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ ✸✺

♦ù β > z✱ ❞♦♥❝ ✿

−1

(z2 + 1)κ+1

(
∫ −β

−∞

1

(x− z)
dx+

∫ +∞

+β

1

(x− z)
dx

)

=
−1

(z2 + 1)κ+1

[

ln

(

β + z

β − z

)]

▲❡s ♣❛rt✐❡s r❡st❛♥t❡s s♦♥t ❞❡s ✐♥té❣r❛❧❡s ♣r♦♣r❡s q✉✐ ♣❡✉✈❡♥t êtr❡ ❝❛❧❝✉❧é❡s
♥✉♠ér✐q✉❡♠❡♥t ❡♥ ✉t✐❧✐s❛♥t ❧❛ rè❣❧❡ ❞❡ ❧✬❍ô♣✐t❛❧ ❛✉t♦✉r ❞❡ x = z✳ ▲❛ ♣❡r✲
♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❝❛❧❝✉❧é❡ ♣❛r ❝❡tt❡ ♠ét❤♦❞❡ ❡st ✈❛❧✐❞❡ ♣♦✉r
t♦✉t❡s ✈❛❧❡✉rs ❞❡ ❦❛♣♣❛ ♣❧✉s ❣r❛♥❞❡s q✉❡ 3/2✳

✹✳✷ ❇r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛

✹✳✷✳✶ ▼ét❤♦❞❡

▲❡s ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s ♦♥t été ❞♦♥♥é❡s ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✼✳ ▲❛
♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❛ été ❝❛❧❝✉❧é❡ ❞❛♥s ❧❛ s♦✉s✲s❡❝t✐♦♥ ✹✳✶✳ ▲❡ t❡r♠❡
F (kL)✱ ❛✈❡❝ L ❧❛ ❧♦♥❣✉❡✉r ❞✬✉♥ ❜r✐♥ ❞❡ ❧✬❛♥t❡♥♥❡✱ ❞é♣❡♥❞ ❞❡ ❧❛ ❣é♦♠étr✐❡
❞❡ ❧✬❛♥t❡♥♥❡ s❡❧♦♥ ❧❡s éq✉❛t✐♦♥s ✷✳✶✵ ♣♦✉r ❞❡s ✜❧s ❡t ✷✳✶✶ ♣♦✉r ❞❡s s♣❤èr❡s✳
❈❛❧❝✉❧♦♥s ♠❛✐♥t❡♥❛♥t ❧❡ t❡r♠❡ B(k)✳

❊♥ ✐♥tr♦❞✉✐s❛♥t ❧✬éq✉❛t✐♦♥ ✷✳✸ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✽✱ ♦♥ ♦❜t✐❡♥t

B(k) =
2πA

k

∫ +∞

ω/k

v

(1 + v2/κv20)
κ+1

dv

❝❡ q✉✐ ❞♦♥♥❡✱ ❡♥ ♣♦s❛♥t x = v2/κv20 ❡t z = ω/κ1/2kv0✱

B(k) =
πAv20
k

1

(1 + z2)κ
✭✹✳✽✮

❙✉❜st✐t✉♦♥s ❝❡tt❡ ❡①♣r❡ss✐♦♥ ❞❡ B(k) ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✼ ❛✈❡❝ r = ω/ωp✱
u = L/LD ❛✈❡❝ LD ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✷✳✻✱ v0 ♣❛r ❧✬éq✉❛t✐♦♥ ✷✳✺✱ ❡t A
♣❛r ❧✬éq✉❛t✐♦♥ ✷✳✹✳ ❖♥ ♦❜t✐❡♥t ❧✬❡①♣r❡ss✐♦♥ s✉✐✈❛♥t❡ ❞✉ s♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡✱

V 2

T
1/2
e

=
16

π3/2ε0κ

1

r2
m1/2

e k
1/2
B (2κ− 3)1/2

Γ(κ+ 1)

Γ(κ− 1/2)

×
∫ +∞

0

F

(

ru

z(2κ− 1)1/2

)

zdz

|εL|2(1 + z2)κ
✭✹✳✾✮

♦ù εL ❡st ❝❛❧❝✉❧é ❝♦♠♠❡ ✐♥❞✐q✉é ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✶✳
▲❛ ✜❣✉r❡ ✹✳✶ ♠♦♥tr❡ q✉❡ ❧❡s ❝❛❧❝✉❧s ♣rés❡♥tés ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ s♦♥t ❡♥

❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts ❞❡ ❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t ✭✶✾✾✶✮ ♣♦✉r ❧❡s ✈❛❧❡✉rs
❡♥t✐èr❡s ❞❡ κ✳ ❊❧❧❡ ♠♦♥tr❡ ❛✉ss✐ q✉✬✉♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❧✐♥é❛✐r❡ ❡♥tr❡ ❞❡✉① ✈❛❧❡✉rs
❡♥t✐èr❡s ❞❡ κ ♣❡✉t ♥❡ ♣❛s êtr❡ s✉✣s❛♠♠❡♥t ♣ré❝✐s❡ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡ ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ré❡❧❧❡s ❞❡ κ✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r κ < 3✳



✸✻ ❈❤❛♣✐tr❡ ✹✳ ❉✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ✧❦❛♣♣❛✧
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linear interpolation

❋✐❣✉r❡ ✹✳✶ ✕ ◆✐✈❡❛✉ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❡♥ ❱2❍③−1 ❡♥
❢♦♥❝t✐♦♥ ❞❡ κ ❝❛❧❝✉❧é ♣♦✉r ✉♥❡ ❛♥t❡♥♥❡ ✜❧❛✐r❡ ❞❡ ❧♦♥❣✉❡✉r L = 35♠✱ ne =

4× 105♠−3✱ Te = 1.5× 105❑ ❞❛♥s ❧❡s ❞♦♠❛✐♥❡s ❞❡ ❢réq✉❡♥❝❡ f < fp✱ f ≈ fp
❡t f > fp✳ ▲❡s ❝r♦✐① r❡♣rés❡♥t❡♥t ❧✬❡①t❡♥s✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ♣♦✉r ❞❡s ✈❛❧❡✉rs
ré❡❧❧❡s ❞❡ κ✱ ❧❡s ❝❛rrés ♥♦✐rs s♦♥t ♦❜t❡♥✉s ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❢♦r♠✉❧❡ ❛♥❛❧②t✐q✉❡
❞♦♥♥é❡ ♣❛r ❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t ✭✶✾✾✶✮ ♣♦✉r ❧❡s ✈❛❧❡✉rs ❡♥t✐èr❡s ❞❡ κ✳ ▲❡s
❧✐❣♥❡s s♦♥t ❧❡s ✐♥t❡r♣♦❧❛t✐♦♥s ❧✐♥é❛✐r❡s ❡♥tr❡ ❧❡s ✈❛❧❡✉rs ❡♥t✐èr❡s ❞❡ κ✳ ❆❞❛♣té❡
❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✵✾❛✮✳



✹✳✷✳ ❇r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ ✸✼
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f/fp

L=64 m

L=4  m

wire dipole

κ = 2
κ = 3.5
κ = 5

❋✐❣✉r❡ ✹✳✷ ✕ ❙♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♥♦r♠❛❧✐sé
V 2/T

1/2
e ✭❱2❍③−1❑−1/2✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ f/fp✱ ♣♦✉r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛ ❛✈❡❝

κ = 2, 3.5, 5 ❡t ✉♥ ❞✐♣ô❧❡ ✜❧❛✐r❡ ❞❡ ❞❡✉① ❧♦♥❣✉❡✉rs ❞✐✛ér❡♥t❡s✳ ▲❡s ❧♦♥❣✉❡✉rs
L = 4 ❡t L = 64 ♠ètr❡s ❝♦rr❡s♣♦♥❞❡♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ à ✵✳✺ ❡t ✽ ❢♦✐s ❧❛
❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ♣♦✉r κ = 3.5✱ n = 5.6 × 106♠−3 ❡t Te = 1.12 × 105❑✳
❚✐ré❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✵✾❛✮✳

✹✳✷✳✷ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥s

❊♥ ♣r❛t✐q✉❡✱ ❧❡s ❛♥t❡♥♥❡s s♣❤èr❡s ♥❡ s♦♥t ♣❛s ✉t✐❧✐sé❡s ❞❛♥s ❧❡s ✐♥str✉♠❡♥ts
r❛❞✐♦ ✉t✐❧✐s❛♥t ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ♠❡s✉r❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡✱ ❝❛r ❧❡ ❜r✉✐t ❞✬✐♠♣❛❝t
✭q✉✐ ❡st ❛✛❡❝té ♣❛r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧❛ s♦♥❞❡ s♣❛t✐❛❧✮ ❡st ❛❧♦rs ❞♦♠✐♥❛♥t✱
❡t ❞❡ ♣❧✉s ❧✬✐♠♣é❞❛♥❝❡ ❞❡ ❧✬❛♥t❡♥♥❡ ❡st ❛✛❡❝té❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡s s✉♣♣♦rts✱
❝❡ q✉✐ ❞✐♠✐♥✉❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♠❡s✉r❡s ✭▼❡②❡r✲❱❡r♥❡t ❡t
P❡r❝❤❡✱ ✶✾✽✾✮✳ ◆♦✉s ❛❧❧♦♥s ❞♦♥❝ ♥♦✉s ❝♦♥❝❡♥tr❡r s✉r ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ✉♥ ❞✐♣ô❧❡ ✜❧❛✐r❡✳ ▲✬ét✉❞❡ ❞❡s s♣❤èr❡s ♣♦✉r ❧❡s ✈❛❧❡✉rs ❡♥t✐èr❡s
❞❡ κ ❛ été ❢❛✐t❡ ♣❛r ❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t ✭✶✾✾✶✮ ❡t ❩♦✉❣❛♥❡❧✐s ✭✷✵✵✽✮✳

▲❛ ✜❣✉r❡ ✷✳✷ ♣rés❡♥t❡ ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ s♣❡❝tr❡s ♥♦r♠❛❧✐sés ❡t ❝❛❧❝✉❧és ♣♦✉r
✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✱ t❡❧❧❡ q✉❡ κ = 3.5✱ ♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ ❧❛
❧♦♥❣✉❡✉r ♥♦r♠❛❧✐sé❡ ❞❡ ❧✬❛♥t❡♥♥❡ L/LD✳ ❈❡tt❡ ✜❣✉r❡ ✐❧❧✉str❡ ❜✐❡♥ ❧❛ ❢♦r♠❡
❣é♥ér❛❧❡ ❞✉ s♣❡❝tr❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♣rés❡♥té ❛✉ ❝❤❛♣✐t❡ ✷✱ ❛✐♥s✐ q✉❡
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ♣✐❝ ❞❡ rés♦♥❛♥❝❡ ❛✈❡❝ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬❛♥t❡♥♥❡✳ P♦✉r ❧❡s
❛♥t❡♥♥❡s ❧❡s ♣❧✉s ❧♦♥❣✉❡s✱ ❧❡ ♣✐❝ ❡st s✐t✉é à fp ❡t très ♠❛rq✉é✱ ♣❡r♠❡tt❛♥t ✉♥❡
♠❡s✉r❡ très ♣ré❝✐s❡ ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡✳

▲❛ ✜❣✉r❡ ✹✳✷ ♠♦♥tr❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ ✈❛❧❡✉r ❞✉ ♣❛r❛♠ètr❡ κ ♣♦✉r ✉♥ ❞✐♣ô❧❡



✸✽ ❈❤❛♣✐tr❡ ✹✳ ❉✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ✧❦❛♣♣❛✧

✜❧❛✐r❡ ❞❡ ❞❡✉① ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs✱ ✹ ❡t ✻✹ ♠ètr❡s✱ ❝♦rr❡s♣♦♥❞❛♥t✱ r❡s♣❡❝✲
t✐✈❡♠❡♥t✱ à ✵✳✺ ❡t ✽ ❢♦✐s ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ♣♦✉rκ = 3.5✱ n = 5.6× 106♠−3

❡t Te = 1.12× 105❑✳ ❆✐♥s✐✱ ❧❡s s♣❡❝tr❡s ❛✈❡❝ u = 0.5 ❡t u = 8 ❞❡s ✜❣✉r❡s ✷✳✷
❡t ✹✳✷ s♦♥t éq✉✐✈❛❧❡♥ts✳

▲❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t à ❜❛ss❡ ❢réq✉❡♥❝❡ ❞é♣❡♥❞ ♣❡✉ ❞❡ κ ♣♦✉r κ ≫ 1✱ ❡t ♣❧✉s
♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣♦✉r ❞❡ ❝♦✉rt❡s ❛♥t❡♥♥❡s✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ ♣❛rt✐❡ ❞✉ s♣❡❝tr❡
❞é♣❡♥❞ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ✭▼❡②❡r✲❱❡r♥❡t
❡t P❡r❝❤❡✱ ✶✾✽✾✮✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❛✈❡❝
κ ❡st ❞✉❡ ❛✉ ❢❛✐t q✉❡ ❧❡ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞é♣❡♥❞ ❞❡ κ à t❡♠♣ér❛t✉r❡
❝✐♥ét✐q✉❡ é❣❛❧❡✳ ▲❡ s♣❡❝tr❡ ❡st ♣❧✉s s❡♥s✐❜❧❡ ❛✉ ♣❛r❛♠ètr❡ κ à ❧❛ ❢réq✉❡♥❝❡
♣❧❛s♠❛✳ ❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❡①♣❧✐q✉é ❛✉ ❝❤❛♣✐tr❡ ✷✱ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❞❡
❢réq✉❡♥❝❡ ❧❡s ♦♥❞❡s ❞❡ ▲❛♥❣♠✉✐r ♦♥t ✉♥❡ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ très ❣r❛♥❞❡ ❡t ✈♦♥t
rés♦♥♥❡r ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s s✉♣r❛t❤❡r♠✐q✉❡s q✉✐ s♦♥t ❞ét❡r♠✐♥és ♣❛r κ✳ ➚
♣❧✉s ❤❛✉t❡ ❢réq✉❡♥❝❡✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ κ ♣♦✉r ❞❡ ❧♦♥❣✉❡s
❛♥t❡♥♥❡s✱ ♠❛✐s ✉♥✐q✉❡♠❡♥t ❞❡ ne ❡t Te✳ ❆✐♥s✐✱ ❧✬❡①♣r❡ss✐♦♥ ❛♥❛❧②t✐q✉❡

V 2✭❱2❍③−1✮ ≈ 4× 10−11Te✭❑✮n✭♠
−3✮/f 3✭❍③✮L✭♠✮

❞♦♥♥é❡ ♣❛r ❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t ✭✶✾✾✶✮ ♣❡✉t êtr❡ ✉t✐❧✐sé❡ ❛✜♥ ❞✬♦❜t❡♥✐r
✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡ ❞❛♥s ✉♥ t❡❧ ❝❛s ✭❣r❛♥❞❡s ❛♥t❡♥♥❡s ❡t
❤❛✉t❡s ❢réq✉❡♥❝❡s✮✳ ▲❛ ♠❡s✉r❡ ❞❡ ❝❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ❞♦♥♥❡ é❣❛❧❡♠❡♥t ✉♥❡
❞ét❡r♠✐♥❛t✐♦♥ ❞✐r❡❝t❡ ❞❡ ❧❛ ♣r❡ss✐♦♥ é❧❡❝tr♦♥✐q✉❡ ♣♦✉r t♦✉t❡s ❢♦♥❝t✐♦♥s ❞❡
❞✐str✐❜✉t✐♦♥ st❛❜❧❡s ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t✱ ✶✾✾✶✱ ▲❡ ❈❤❛t ❡t ❛❧✳✱ ✷✵✵✾❛✮✳

✹✳✸ ❊✛❡ts ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ s✉r ❧❡s ❛✉tr❡s
❜r✉✐ts

✹✳✸✳✶ ❇r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡

▲❡ ❜r✉✐t ❞✬✐♠♣❛❝t ♦✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ❛ été ♣rés❡♥té à ❧❛ s❡❝t✐♦♥ ✷✳✹✱ ❡t
s❛ ❞é♣❡♥❞❛♥❝❡ ❛✈❡❝ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ✈✐t❡ss❡s ❛ été ♠♦♥tré❡✳

❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ❦❛♣♣❛✱ ❧✬✐♥té❣r❛t✐♦♥ ❞❡ vf(v)✱ q✉✐
✈❛✉t ❧❛ ♠♦②❡♥♥❡ < v > ❞✉ ♠♦❞✉❧❡ ❞❡ ❧❛ ✈✐t❡ss❡✱ ❞♦♥♥❡ ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲
❱❡r♥❡t✱ ✶✾✾✶✱ ▲❡ ❈❤❛t ❡t ❛❧✳✱ ✷✵✶✵✮ ✿

< v >= 2

√

κ

π

Γ(κ− 1)

Γ(κ− 1/2)
v0

❛✈❡❝ v0 ❞é✜♥✐ ♣❛r ❧✬éq✉❛t✐♦♥ ✷✳✺✳
❖♥ ❡♥ ❞é❞✉✐t ❧❡ t❛✉① ❞✬✐♠♣❛❝t ❞❡s é❧❡❝tr♦♥s ✿

Ne ≈ (4π)−1/2neβκS
Γ(κ− 1)

Γ(κ− 1/2)

√

(2κ− 3)
kBTe
me

✭✹✳✶✵✮



✹✳✸✳ ❊✛❡ts ❞❡s é❧❡❝tr♦♥s ❦❛♣♣❛ s✉r ❧❡s ❛✉tr❡s ❜r✉✐ts ✸✾

▲❡ t❡r♠❡ βκ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧✬❡✛❡t ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❧❛ s♦♥❞❡✳ ❉❛♥s ❧❡ ♠✐❧✐❡✉
✐♥t❡r♣❧❛♥ét❛✐r❡✱ ❝❡ ♣♦t❡♥t✐❡❧ ❡st ❣é♥ér❛❧❡♠❡♥t ♣♦s✐t✐❢ ❡t ❛tt✐r❡ ❧❡s é❧❡❝tr♦♥s✳
❉❛♥s ❝❡ ❝❛s✱ ❧❡ ❝❛❧❝✉❧ ❞✉ ❝♦✉r❛♥t ❞❡ ❝♦❧❧❡❝t✐♦♥ ❞♦♥♥❡ ✿

βκ = 1 +
2κ− 2

2κ− 3

eφ

kBTe

❋✐♥❛❧❡♠❡♥t✱ ❧❡ ❜r✉✐t ❞✬✐♠♣❛❝t ❡st ♦❜t❡♥✉ ❡♥ s✉❜st✐t✉❛♥t ❧✬éq✉❛t✐♦♥ ✹✳✶✵
❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✶✷✱ s♦✐t ✿

V 2
S ≈ e2neS√

π

Γ(κ− 1)

Γ(κ− 1/2)

√

(2κ− 3)
kBTe
me

(

1 +
2κ− 2

2κ− 3

eφ

kBTe

)

|Z|2 ✭✹✳✶✶✮

P♦✉r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ❦❛♣♣❛✱ ❧❛ rés✐st❛♥❝❡ R ❡t ❧❛ ❝❛♣❛❝✐té C ❞❡
❧✬✐♥str✉♠❡♥t s♦♥t ❞♦♥♥é❡s ♣❛r ✿

R =
4

π2ε0ω

∫ +∞

−∞

F
(

rL
zLD

√
2κ−1

)

· Fa

(

ra
zLD

√
2κ−1

)

rIm[εL]

z2|εL|2LD

√
2κ− 1

dz ✭✹✳✶✷✮

1

C
=

4

π2ε0

∫ +∞

−∞

F
(

rL
zLD

√
2κ−1

)

· Fa

(

ra
zLD

√
2κ−1

)

rRe[εL]

z2|εL|2LD

√
2κ− 1

dz ✭✹✳✶✸✮

♦ù Im[εL] ❡t Re[εL] ❞és✐❣♥❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ♣❛rt✐❡s ✐♠❛❣✐♥❛✐r❡ ❡t ré❡❧❧❡
❞❡ ❧❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❝❛❧❝✉❧é❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✶✱ r = f/fp = ω/ωp ❧❛
❢réq✉❡♥❝❡ ♥♦r♠❛❧✐sé❡✱ ❡t z = ω/κ1/2kv0 ❧❛ ✈❛r✐❛❜❧❡ ❞✬✐♥té❣r❛t✐♦♥✳ ▲❡s ❢♦♥❝t✐♦♥s
F ❡t Fa ♦♥t été ❞é✜♥✐❡s ❞❛♥s ❧❡s éq✉❛t✐♦♥s ✷✳✶✵ ❡t ✷✳✶✹ ♣♦✉r ✉♥ ❞✐♣ô❧❡ ✜❧❛✐r❡✱
❡t ❞❛♥s ❧❡s éq✉❛t✐♦♥s ✷✳✶✶ ❡t ✷✳✶✺ ♣♦✉r ❞❡s s♣❤èr❡s✳ L ❡t a r❡♣rés❡♥t❡♥t✱ r❡s♣❡❝✲
t✐✈❡♠❡♥t✱ ❧❛ ❧♦♥❣✉❡✉r ❡t ❧❡ r❛②♦♥ ❞✬✉♥ ❜r✐♥ ❞✬❛♥t❡♥♥❡✳ ▲✬✐♠♣é❞❛♥❝❡ ❞✬❛♥t❡♥♥❡
Z ❡t ❧❡ ❣❛✐♥ ❞✉ ré❝❡♣t❡✉r Γ2 s✬♦❜t✐❡♥♥❡♥t ❡♥ s✉❜st✐t✉❛♥t ❧❡s ❡①♣r❡ss✐♦♥s ❞❡ R
❡t ❞❡ C ❞❛♥s ❧❡s éq✉❛t✐♦♥s s✉✐✈❛♥t❡s ✿

Z = R +
i

Cω
✭✹✳✶✹✮

Γ2 =

(

C + CB

C

)2

+ (RCBω)
2 ✭✹✳✶✺✮

❛✈❡❝ CB ❧❛ ❝❛♣❛❝✐té ❞❡ ❜❛s❡✳

✹✳✸✳✷ ❇r✉✐t ❞❡s ♣r♦t♦♥s ❞é❝❛❧é ❉♦♣♣❧❡r

▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ❛ é❣❛❧❡♠❡♥t ✉♥ ❡✛❡t s✉r ❧❡ ♥✐✈❡❛✉ ❞❡
❜r✉✐t ❞❡s ♣r♦t♦♥s ❞é❝❛❧é ❉♦♣♣❧❡r ✈✐❛ ❧❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡✳ ◆♦✉s ❛✈♦♥s
❞✐t ❞❛♥s ❧❛ s♦✉s✲s❡❝t✐♦♥ ✷✳✺ q✉❡ ❧❡ ❝❛s ❧❡ ♣❧✉s ✐♥tér❡ss❛♥t ❡♥ ♣r❛t✐q✉❡ ❡st ❝❡❧✉✐



✹✵ ❈❤❛♣✐tr❡ ✹✳ ❉✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ✧❦❛♣♣❛✧

♦ù ❧✬❛♥t❡♥♥❡ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ✈✐t❡ss❡ ✭~V ✮ ❞✉ ✈❡♥t s♦❧❛✐r❡✳ ❉❛♥s ❝❡ ❝❛s✱
❧❡ ❜r✉✐t t❤❡r♠✐q✉❡ ❞❡s ♣r♦t♦♥s✱ V 2

p ✱ ♣❡✉t s✬❡①♣r✐♠❡r ❛✐♥s✐ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱
✶✾✾✻✱ ✶✾✾✾✮ ✿

V 2
p (ω) =

(2mekB)
1/2

4πε0

√
te
M

∫ ∞

0

yF⊥(yL/LD)

(y2 + 1 + Ω2)(y2 + 1 + Ω2 + t)
dy ✭✹✳✶✻✮

Ω = ωLD/V, t = te/Tp, M = V/vthe

F⊥ ❡st ❧❛ ré♣♦♥s❡ ❞❡ ❧✬❛♥t❡♥♥❡ à ✉♥ ❝❤❛♠♣ ❞✬♦♥❞❡✱ ❡♥ ❝♦♥s✐❞ér❛♥t ✉♥❡ s②♠étr✐❡
❝②❧✐♥❞r✐q✉❡ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✶✾✾✸✮ ✿

F⊥(x) =
64

π

∫ x

0

sin4(s/2)

s2(x2 − s2)1/2
ds

=
8

x

∫ x

0

J0(t)dt−
∫ 2x

0

J0(t)dt+ J1(2x)− 2J1(x) ✭✹✳✶✼✮

♦ù J0 ❡t J1 s♦♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❇❡ss❡❧ ❞❡ ♣r❡♠✐èr❡ ❡s♣è❝❡
❞✬♦r❞r❡ ✵ ❡t ✶✳

❉❛♥s ❧✬éq✉❛t✐♦♥ ✹✳✶✻✱ te ❡st ✉♥❡ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❣é♥ér❛❧✐sé❡ ❝♦r✲
r❡s♣♦♥❞❛♥t ❛✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡t ❞é✜♥✐❡ ♣❛r kBte/me = 1/ < v−2 >✱
♦ù <> ❞és✐❣♥❡ ❧❛ ♠♦②❡♥♥❡ s✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s✳ ❉❛♥s
❧❡ ❝❛s ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛✱ ♥♦✉s ♣♦✉✈♦♥s r❡❧✐❡r ❝❡tt❡ t❡♠♣ér❛t✉r❡ à ❧❛ t❡♠✲
♣ér❛t✉r❡ ❝✐♥ét✐q✉❡ ❞é✜♥✐❡ ♣ré❝é❞❡♠♠❡♥t ♣❛r ✿

te = Te
2κ− 3

2κ− 1

❋✐♥❛❧❡♠❡♥t✱ ❧❡ ❜r✉✐t t❤❡r♠✐q✉❡ ❞❡s ♣r♦t♦♥s ❞é❝❛❧é ❉♦♣♣❧❡r ❧♦rsq✉❡ ❧❛ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ❡st ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ❞❡✈✐❡♥t✱ s✐ ❧❛ ✈✐t❡ss❡
❞✉ ♣❧❛s♠❛ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧✬❛♥t❡♥♥❡ ✿

V 2
p (ω) =

kBTe
2πε0V

2κ− 3

2κ− 1

∫ ∞

0

yF⊥(yL/LD)

(y2 + 1 + Ω2)
(

y2 + 1 + Ω2 + Te

Tp

2κ−3
2κ−1

)dy

✭✹✳✶✽✮
❛✈❡❝ Ω = ωLD/V ✳

✹✳✹ ❘és✉♠é

▲❡s ❞✐✛ér❡♥ts ♦✉t✐❧s t❤é♦r✐q✉❡s ❞♦♥♥és ♣ré❝é❞❡♠♠❡♥t ♣❡r♠❡tt❡♥t ❞❡ ♠♦❞✲
é❧✐s❡r ❧❡ s♣❡❝tr❡ ♠❡s✉ré ♣❛r ✉♥ ✐♥str✉♠❡♥t ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✱ ❡♥ ❝♦♥s✐❞ér❛♥t
✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❦❛♣♣❛ ♣♦✉r ❧❡s é❧❡❝tr♦♥s✳ ❆✐♥s✐ ✉♥ ré❝❡♣t❡✉r r❛❞✐♦
❛✉① ❜♦r♥❡s ❞✬✉♥ ❞✐♣ô❧❡ ♠❡s✉r❡r❛ ❧❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t V 2

R ❞é✜♥✐ ♣❛r ✿

V 2
R =

V 2 + V 2
S + V 2

p

Γ2
✭✹✳✶✾✮



✹✳✹✳ ❘és✉♠é ✹✶
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❋✐❣✉r❡ ✹✳✸ ✕ ❙♣❡❝tr❡ ❣é♥ér✐q✉❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ f/fp✱
❛✈❡❝ ❧❡s ❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ✐♥❞✐q✉é❡s✳ ❙♣❡❝tr❡ ♦❜t❡♥✉ ❛✈❡❝ ❧❡s ♣❛r❛♠ètr❡s
s✉✐✈❛♥t n = 5.6 × 106 ♠−3 ❡t Te = 1.12 × 105 ❑✱ κ = 3.5✱ Tp = 2.7 × 105 ❑✱
V = 800 ❦♠✳s−1✱ ❡t ✉♥❡ ❛♥t❡♥♥❡ ✜❧❛✐r❡ t❡❧❧❡ q✉❡ L = 10♠ ❡t a = 1× 10−3 ♠✳
❚✐ré❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✵✾❛✮✳

❛✈❡❝ ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s V 2 ❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ✹✳✾✱ ❧❡
❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ V 2

S ♣❛r ❧✬éq✉❛t✐♦♥ ✹✳✶✶✱ ❧❡ ❜r✉✐t t❤❡r♠✐q✉❡ ❞❡s ♣r♦t♦♥s V 2
p

♣❛r ❧✬éq✉❛t✐♦♥ ✹✳✶✽ ❡t ❧❡ ❣❛✐♥ ❞❡ ❧✬✐♥str✉♠❡♥t Γ2 ❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ✹✳✶✺✳
▲❛ ✜❣✉r❡ ✹✳✸ rés✉♠❡ ❧❡s ♣❛r❛♠ètr❡s q✉❡ ❧✬♦♥ ♣❡✉t ❞ét❡r♠✐♥❡r ❣râ❝❡ à

❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❝♦♠♠❡ ❧❡ ✈❡♥t s♦❧❛✐r❡✳
❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♣r❛t✐q✉❡✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♣♦✉r t♦✉t❡s ❧❡s
✈❛❧❡✉rs ❞✉ ♣❛r❛♠ètr❡ κ ♣❡r♠❡t ❞✬❛♥❛❧②s❡r ❧❡s ❞♦♥♥é❡s ❞❡s ♠✐ss✐♦♥s s♣❛t✐❛❧❡s
❛✜♥ ❞✬♦❜t❡♥✐r ❞❡s ♠❡s✉r❡s ♣ré❝✐s❡s ❞❡ ❧❛ ❞❡♥s✐té✱ ❡t s✉rt♦✉t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
é❧❡❝tr♦♥✐q✉❡ ❡t ❞❡s ♣r♦♣r✐étés ♥♦♥ t❤❡r♠✐q✉❡s ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ❝❡ q✉✐ ❡st ❡ss❡♥✲
t✐❡❧ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡ tr❛♥s♣♦rt ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ♣❡✉ ❝♦❧❧✐s✐♦♥♥❡❧
❝♦♠♠❡ ❧❡ ✈❡♥t s♦❧❛✐r❡✳





❈❤❛♣✐tr❡ ✺

➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s
♣r♦♣r✐étés t❤❡r♠✐q✉❡s ❞❡s

é❧❡❝tr♦♥s

❙♦♠♠❛✐r❡
✺✳✶ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s ❡t ❢♦♥❝✲

t✐♦♥ ❦❛♣♣❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✺✳✷ ❱❛r✐❛t✐♦♥s r❛❞✐❛❧❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡s ♣r♦✲

♣r✐étés ♥♦♥✲t❤❡r♠✐q✉❡s ❞❡s é❧❡❝tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✺✳✷✳✶ ❘és✉❧t❛ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✺✳✷✳✷ ❈♦♠♣❛r❛✐s♦♥s ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✺✸

✺✳✸ ❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✺✳✶ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐✲
❡♥♥❡s ❡t ❢♦♥❝t✐♦♥ ❦❛♣♣❛

◆♦✉s ❛✈♦♥s ✈✉ ❛✉ ❝❤❛♣✐tr❡ ✸ q✉❡ ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ ❞❡s ♣r♦♣r✐étés
s✉♣r❛✲t❤❡r♠✐q✉❡s ❛✈❡❝ ✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ♥✬❡st ♣❛s
s✉✣s❛♥t❡ s✉r ❯❧②ss❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ ✈❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ t❡♠✲
♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✳ ▲❛ s♦❧✉t✐♦♥ ♣r♦♣♦sé❡ ❡st ❞✬✉t✐❧✐s❡r ❧❡ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡ ❛✈❡❝ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t②♣❡ ✧❦❛♣♣❛✧✱ ❞♦♥♥❛♥t ❞✐r❡❝t❡♠❡♥t ❧❛
t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✳

▲❛ ✜❣✉r❡ ✺✳✶ r❡♣rés❡♥t❡ ❞❡✉① s♣❡❝tr❡s ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ tr❛♥s❧❛tés
♣♦✉r ✉♥❡ ♠❡✐❧❧❡✉r ✈✐s✐❜✐❧✐té ✿ ❧✬✉♥ ❛✈❡❝ ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s✱ ❡t
❧✬❛✉tr❡ ❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ♣♦✉r ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡s ❞❡s
é❧❡❝tr♦♥s✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s ♠❡s✉rés s♦♥t ✐♥❞✐q✉é❡s
s✉r ❧❛ ✜❣✉r❡✳ ▲❡s ♣❡t✐t❡s ✈❛r✐❛t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s ❞❡s ♣r♦t♦♥s✱ Tp ❡t V ✱ ♥✬❛❢✲
❢❡❝t❡♥t ♣❛s ❧❛ ♠❡s✉r❡ ❞❡s ♣❛r❛♠ètr❡s ❞❡s é❧❡❝tr♦♥s ✭▲❡ ❈❤❛t ❡t ❛❧✳✱ ✷✵✶✵✮✳ P❛r
❝♦♥séq✉❡♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ❞✐str✐❜✉t✐♦♥s ❦❛♣♣❛ ❡t ❛✜♥ ❞✬é❝♦♥♦♠✐s❡r ❞✉ t❡♠♣s
❞❡ ❝❛❧❝✉❧ ♣♦✉r ❧❛ ♠✐s❡ ❡♥ ♣r❛t✐q✉❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ♣♦✉r ✉♥ tr❛✐t❡♠❡♥t ❞❡ ♠❛ss❡



✹✹
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s

 0.1  1

V
2  (

ar
br

ita
ry

 u
ni

ts
)

Frequency normalized to the plasma frequency (f/fp)

ne

Tc

Th/Tc

nh/nc

Tp, V κ

Te

two Maxwellian
Kappa

❋✐❣✉r❡ ✺✳✶ ✕ ❙♣❡❝tr❡s t②♣✐q✉❡s ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥
❞❡ ✈✐t❡ss❡ ❦❛♣♣❛ ✭❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é ❜❧❡✉❡✮ ❡t ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s
✭❧✐❣♥❡ ❝♦♥t✐♥✉❡ r♦✉❣❡✮✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s ♠❡s✉rés
s♦♥t ✐♥❞✐q✉é❡s s✉r ❧❛ ✜❣✉r❡✳ ❚✐ré❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✶✵✮✳

❞❡s ❞♦♥♥é❡s✱ ♥♦✉s ✉t✐❧✐s♦♥s ❧❡s ♣❛r❛♠ètr❡s Tp ❡t V ♠❡s✉rés ♣❛r ❧✬✐♥str✉♠❡♥t
❙❲❖❖P❙✱ q✉✐ ❡st ❜❡❛✉❝♦✉♣ ♠✐❡✉① ❛❞❛♣té à ❧❛ ♠❡s✉r❡ ❞❡s ♣❛r❛♠ètr❡s ❞❡s
♣r♦t♦♥s q✉✬à ❝❡❧❧❡ ❞❡s é❧❡❝tr♦♥s ✭❝❛r ❧❡s ♣r♦t♦♥s ♥❡ s♦♥t ♣❛s ❛✛❡❝tés ♣❛r ❧❡ ♣♦✲
t❡♥t✐❡❧ ❞❡ ❧❛ s♦♥❞❡ ♦✉ ❧❡s ♣❤♦t♦é❧❡❝tr♦♥s✮✳ ❆✐♥s✐✱ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ s❡❝t✐♦♥✱
❧❡s ♠❡s✉r❡s ❛✉① ✻✹ ❢réq✉❡♥❝❡s ❞✉ ré❝❡♣t❡✉r ❯❘❆P s♦♥t ❛❥✉sté❡s ♣❛r ♠✐♥✐♠✐✲
s❛t✐♦♥ ❞✉ χ2✱ ❛✈❡❝ s❡✉❧❡♠❡♥t tr♦✐s ♣❛r❛♠ètr❡s ❧✐❜r❡s ❞❛♥s ❧❡ ❝❛s ❞❡s ❢♦♥❝t✐♦♥s
❦❛♣♣❛ ✿ ne✱ Te ❡t κ✳

▲❛ ✜❣✉r❡ ✺✳✶ ♠♦♥tr❡ q✉❡ ❧✬✉♥❡ ❞❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❝❡s ❞❡✉① ❝❛s ❡st q✉❡ ❧❛
❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♥✬❡st ♣❛s ❛✛❡❝té❡ ♣❛r ❧❛
❢♦r♠❡ ❞✉ ♣✐❝ ❞❡ ❜r✉✐t ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t✱ ✶✾✾✶✱ ▲❡ ❈❤❛t ❡t ❛❧✳✱ ✷✵✵✾❛✮
❧♦rsq✉❡ q✉❡ ❧✬♦♥ ✉t✐❧✐s❡ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞❡s ❞❡✉①
▼❛①✇❡❧❧✐❡♥♥❡s✱ ♦ù ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❡st ❞ét❡r♠✐♥é❡ ♣❛r ✿

Temax
= Tc

(

1 + ατ

1 + α

)

✭✺✳✶✮

♦ù α = nh/nc ❡t τ = Th/Tc✳ ❉❡ ♣❧✉s✱ ♣✉✐sq✉❡ ♣♦✉r t♦✉t❡s ❞✐str✐❜✉t✐♦♥s st❛✲
❜❧❡s✱ ❧❛ ♣❛rt✐❡ ❤❛✉t❡ ❢réq✉❡♥❝❡ ❞✉ s♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♥❡ ❞é♣❡♥❞
q✉❡ ❞❡ ❧❛ ♣r❡ss✐♦♥ ❞❡s é❧❡❝tr♦♥s ✭❈❤❛t❡❛✉ ❡t ▼❡②❡r✲❱❡r♥❡t✱ ✶✾✾✶✱ ▲❡ ❈❤❛t
❡t ❛❧✳✱ ✷✵✵✾❛✮✱ ❧❡s t❡♠♣ér❛t✉r❡s t♦t❛❧❡s ❞❡s é❧❡❝tr♦♥s ♠❡s✉ré❡s ❞❡✈r❛✐❡♥t êtr❡
❢❛✐❜❧❡♠❡♥t ❞é♣❡♥❞❛♥t❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ✈✐t❡ss❡s✱ s♦✐t Temax

≈ Te✳



✺✳✶✳ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s ❡t ❢♦♥❝t✐♦♥
❦❛♣♣❛ ✹✺

10-15

10-14

 1  10  100

V
2  (

V
2 .H

z-1
)

f (kHz)

two Maxwellian:
 ne = 2.789 cm-3

 Tc = 7.14 .104 K
 α = 0.04, τ = 8.5
 V=370 km.s-1, Tp = 1 .104 K

Kappa:
 ne = 2.828 cm-3

 Te = 0.9 .105 K
 κ = 3.1
 V=340 km.s-1, Tp = 2 .104 K

two Maxwellian
Kappa

Data

❋✐❣✉r❡ ✺✳✷ ✕ ❊①❡♠♣❧❡ ❞❡ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ✭❡♥ ❱2❍❩−1✮ ♠❡s✉ré ❞❛♥s ❧❡
✈❡♥t s♦❧❛✐r❡ ❧❡♥t ❛✈❡❝ ❧✬✐♥str✉♠❡♥t ❯❘❆P à ❡♥✈✐r♦♥ 1.3❯❆ ❞✉ ❙♦❧❡✐❧ ❡t 6◦◆ ❞❡
❧❛t✐t✉❞❡ ❤é❧✐♦❝❡♥tr✐q✉❡✳ ▲❡s ♣♦✐♥ts r❡♣rés❡♥t❡♥t ❧❡s ❞♦♥♥é❡s✳ ▲❛ ❧✐❣♥❡ ❝♦♥t✐♥✉❡
r♦✉❣❡ ♠♦♥tr❡ ❧❡ s♣❡❝tr❡ t❤é♦r✐q✉❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♣♦✉r ✉♥❡ s♦♠♠❡
❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é ❜❧❡✉❡ r❡♣rés❡♥t❡ ❧❡ s♣❡❝tr❡ t❤é♦r✐q✉❡
❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t
s♦♥t r❡♣rés❡♥tés ❞❛♥s ❧❡s ❞❡✉① ❝❛s✳ ❚✐ré❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✶✵✮✳



✹✻
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s

10
-16

10
-15

10
-14

 1  10  100

V
2
 (

V
2
.H

z
-1

)

f (kHz)

two Maxwellian:
 ne = 0.51 cm

-3

 Tc = 4.4 .10
4
 K

 α = 0.3, τ = 11
 V=690 km.s

-1
, Tp = 3 .10

4
 K

Kappa:
 ne = 0.53 cm

-3

 Te = 1.6 .10
5
 K

 κ = 1.8
 V=780 km.s

-1
, Tp = 1.2 .10

5
 K

two Maxwellian
Kappa

Data

❋✐❣✉r❡ ✺✳✸ ✕ ❊①❡♠♣❧❡ ❞❡ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ✭❡♥ ❱2❍❩−1✮ ♠❡s✉ré ❞❛♥s ❧❡
✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ❧✬✐♥str✉♠❡♥t ❯❘❆P à ❡♥✈✐r♦♥ 2.3❯❆ ❞✉ ❙♦❧❡✐❧ ❡t 80.2◦❙ ❞❡
❧❛t✐t✉❞❡ ❤é❧✐♦❝❡♥tr✐q✉❡✳ ▲❡s ♣♦✐♥ts r❡♣rés❡♥t❡♥t ❧❡s ❞♦♥♥é❡s✳ ▲❛ ❧✐❣♥❡ ❝♦♥t✐♥✉❡
r♦✉❣❡ ♠♦♥tr❡ ❧❡ s♣❡❝tr❡ t❤é♦r✐q✉❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♣♦✉r ✉♥❡ s♦♠♠❡
❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é ❜❧❡✉❡ r❡♣rés❡♥t❡ ❧❡ s♣❡❝tr❡ t❤é♦r✐q✉❡
❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t
s♦♥t r❡♣rés❡♥tés ❞❛♥s ❧❡s ❞❡✉① ❝❛s✳

▲❛ ✜❣✉r❡ ✺✳✷ ❞♦♥♥❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ♠❡s✉ré ❞❛♥s ❧❡
✈❡♥t s♦❧❛✐r❡ ❧❡♥t ♣❛r ❯❘❆P✱ ❛❥✉sté ♣❛r ❞❡✉① s♣❡❝tr❡s t❤é♦r✐q✉❡s ❞❡ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ ❞✐✛ér❡♥ts ✿ ❧✬✉♥ ✉t✐❧✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s ❡t
❧✬❛✉tr❡ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ❝♦♠♠❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡s
é❧❡❝tr♦♥s ♦❜t❡♥✉s ♣♦✉r ❧❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❛✈❡❝ ❧❡s ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s
s♦♥t ✿ ne = 2.79 ± 0.04 ❝♠−3✱ Tc = (7.1 ± 0.4) × 104 ❑✱ α = 0.04 ± 0.01

❡t τ = 8.5 ± 0.9✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡s
é❧❡❝tr♦♥s ❞❡✈✐❡♥♥❡♥t ✿ ne = 2.83 ± 0.01 ❝♠−3✱ Te = (9.0 ± 0.2) × 104 ❑✱ ❡t
κ = 3.1 ± 0.1✳

▲❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ s♦♠♠❡ ❞❡ ❞❡✉①
▼❛①✇❡❧❧✐❡♥♥❡s✱ ♦❜t❡♥✉❡ ❣râ❝❡ à ❧✬éq✉❛t✐♦♥ ✺✳✶✱ ❡st ✿ Temax

= (9.2 ± 1.2) ×
104 ❑✱ ❝❡ q✉✐ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡ ♦❜t❡♥✉❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡
❢♦♥❝t✐♦♥ ❦❛♣♣❛✳

▲❛ ✜❣✉r❡ ✺✳✸ ❞♦♥♥❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ♠❡s✉ré ❞❛♥s
❧❡ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ♣❛r ❯❘❆P✱ ❛❥✉sté ♣❛r ✉♥ s♣❡❝tr❡ t❤é♦r✐q✉❡ ❞❡ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ ✉t✐❧✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s ❡t ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛
❝♦♠♠❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡s é❧❡❝tr♦♥s ♦❜t❡♥✉s ♣♦✉r



✺✳✷✳ ❱❛r✐❛t✐♦♥s r❛❞✐❛❧❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡s ♣r♦♣r✐étés
♥♦♥✲t❤❡r♠✐q✉❡s ❞❡s é❧❡❝tr♦♥s ✹✼

❧❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❛✈❡❝ ❧❡s ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s s♦♥t ✿ ne = 0.51 ±
0.03 ❝♠−3✱ Tc = (4.4 ± 1.1) × 104 ❑✱ α = 0.3 ± 0.2 ❡t τ = 11 ± 4✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡s é❧❡❝tr♦♥s ❞❡✈✐❡♥♥❡♥t ✿
ne = 0.53 ± 0.01 ❝♠−3✱ Te = (1.6 ± 0.1) × 105 ❑✱ ❡t κ = 1.8 ± 0.1✳

▲❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ s♦♠♠❡ ❞❡ ❞❡✉①
▼❛①✇❡❧❧✐❡♥♥❡s✱ ♦❜t❡♥✉❡ ❣râ❝❡ à ❧✬éq✉❛t✐♦♥ ✺✳✶✱ ❡st ✿ Temax

= (1.4 ± 1.1) ×
105 ❑✱ ❝❡ q✉✐ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡ ♦❜t❡♥✉❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡
❢♦♥❝t✐♦♥ ❦❛♣♣❛✳

◗✉❡ ❝❡ s♦✐t ♣♦✉r ❧❡ ✈❡♥t ❧❡♥t ♦✉ ❧❡ ✈❡♥t r❛♣✐❞❡✱ ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛✲
t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❡st ❜✐❡♥ ♠❡✐❧❧❡✉r❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ q✉❡
❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧✬✉t✐❧✐s❛t✐♦♥
❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ♣❡r♠❡t ♥♦♥ s❡✉❧❡♠❡♥t ❞❡ ♠✐❡✉① ❞é❝r✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s
❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ♠❛✐s ❛✉ss✐ ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré❝✐s✐♦♥ ❞❡s
♠❡s✉r❡s ❞❡ ❞❡♥s✐té ❡t t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡s ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡✳

✺✳✷ ❱❛r✐❛t✐♦♥s r❛❞✐❛❧❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡s
♣r♦♣r✐étés ♥♦♥✲t❤❡r♠✐q✉❡s ❞❡s é❧❡❝tr♦♥s

◆♦✉s ❛✈♦♥s ✈✉ ❛✉ ❝❤❛♣✐tr❡ ✸ q✉❡ ❧♦rs ❞✉ ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡
❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞ ❞✉ ❙♦❧❡✐❧✱ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞❡s é❧❡❝tr♦♥s ♦❜é✐ss❛✐t
à ❧✬❤②♣♦t❤ès❡ ❞✬❡①♣❛♥s✐♦♥ s♣❤ér✐q✉❡ à ✈✐t❡ss❡ ❝♦♥st❛♥t❡✳ ◆♦✉s ❛❧❧♦♥s ❞♦♥❝
❛♣♣❧✐q✉❡r ❧❛ ♠ét❤♦❞❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛
à ❝❡tt❡ sé❧❡❝t✐♦♥ ❞❡ ❞♦♥♥é❡s✱ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ♣r♦✜❧ ❞✬é✈♦❧✉t✐♦♥ ❛✈❡❝ ❧❛
❞✐st❛♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❡t ❞✉ ♣❛r❛♠ètr❡ κ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡
❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡s ré❣✐♦♥s ♣♦❧❛✐r❡s ❞✉ ❙♦❧❡✐❧✳

✺✳✷✳✶ ❘és✉❧t❛ts

▲❛ ✜❣✉r❡ ✺✳✹ ♣rés❡♥t❡ q✉❛tr❡ ❡①❡♠♣❧❡s ❞✬❛❥✉st❡♠❡♥ts ❞❡s ❞♦♥♥é❡s ❞❡ ❧✬✐♥✲
str✉♠❡♥t ❯❘❆P ❛✈❡❝ ❞❡s s♣❡❝tr❡s t❤é♦r✐q✉❡s ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝
✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛✱ ❡♥ ✶✾✾✹✱ ♣♦✉r q✉❛tr❡ ❞✐st❛♥❝❡s ❛✉ ❙♦❧❡✐❧ ❞✐✛ér❡♥t❡s✳ ▲❛
♠ét❤♦❞❡ ❞✬❛❥✉st❡♠❡♥t ❡st ❧❛ ♠ê♠❡ q✉✬à ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡ ✿ ♠✐♥✐♠✐s❛t✐♦♥
❞✉ χ2✱ ❛✈❡❝ ✉♥ ❛❧❣♦r✐t❤♠❡ ❞❡ t②♣❡ ▲❡✈❡♥❜❡r❣✲▼❛rq✉❛r❞t✳ ▲❡s ✈❛❧❡✉rs ❞❡ ❧❛
t❡♠♣ér❛t✉r❡ ❞❡s ♣r♦t♦♥s ❡t ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣r♦✈✐❡♥♥❡♥t ❞❡ ❧✬❛♥❛❧✲
②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❧✬✐♥str✉♠❡♥t ✐♦♥✐q✉❡ ❙❲❖❖P❙ ✭❊❜❡rt ❡t ❛❧✳✱ ✷✵✵✾✮✳

▲❛ ✜❣✉r❡ ✺✳✺ ♠♦♥tr❡ ❧❛ ✈❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧ ❞❡ ❧❛ ❞❡♥s✐té
❞❡s é❧❡❝tr♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ♠❡s✉ré❡ ❡♥ ✶✾✾✹ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞
♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡
❦❛♣♣❛✳ ❚♦✉t❡s ❧❡s ❞♦♥♥é❡s ♠❡s✉ré❡s ❡♥ ✶✾✾✹ ♥❡ s♦♥t ♣❛s ❝♦♥s✐❞éré❡s ✐❝✐ ✿ ♥♦✉s



✹✽
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s
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❋✐❣✉r❡ ✺✳✹ ✕ ❊①❡♠♣❧❡s ❞✬❛❥✉st❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❞❡ ❧✬✐♥str✉♠❡♥t ❯❘❆P
✭♣♦✐♥ts ♥♦✐rs✮ ❛✈❡❝ ❞❡s s♣❡❝tr❡s t❤é♦r✐q✉❡s ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡
❢♦♥❝t✐♦♥ ❦❛♣♣❛ ✭♣♦✐♥t✐❧❧és ❜❧❡✉s✮ ❡♥ ✶✾✾✹ ♣♦✉r ✹ ❞✐st❛♥❝❡s ❛✉ ❙♦❧❡✐❧ ❞✐✛ér❡♥t❡s ✿
✷✳✷ ❯❆ ✭❡♥ ❤❛✉t à ❣❛✉❝❤❡✮✱ ✷ ❯❆ ✭❡♥ ❤❛✉t à ❞r♦✐t❡✮✱ ✶✳✽ ❯❆ ✭❡♥ ❜❛s à ❣❛✉❝❤❡✮
❡t ✶✳✺✺ ❯❆ ✭❡♥ ❜❛s à ❞r♦✐t❡✮✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t s♦♥t
✐♥❞✐q✉és s✉r ❧❡s ✜❣✉r❡s✳



✺✳✷✳ ❱❛r✐❛t✐♦♥s r❛❞✐❛❧❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡s ♣r♦♣r✐étés
♥♦♥✲t❤❡r♠✐q✉❡s ❞❡s é❧❡❝tr♦♥s ✹✾
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❋✐❣✉r❡ ✺✳✺ ✕ ❱❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡s é❧❡❝✲
tr♦♥s ♦❜t❡♥✉❡ ♣❛r ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ❦❛♣♣❛
❧♦rs ❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞✱ ❡♥tr❡
✹✵ ❡t ✽✵ ❞❡❣ré ❞❡ ❧❛t✐t✉❞❡✳ ▲❡s ♣♦✐♥ts ❣r✐s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♠❡s✉r❡s ✐♥❞✐✲
✈✐❞✉❡❧❧❡s✱ ❞♦♥t ❧❡s ♠♦②❡♥♥❡s ❡t ❧❡s é❝❛rt✲t②♣❡s t♦✉s ❧❡s ✵✳✶ ❯❆ s♦♥t r❡♣rés❡♥tés
❡♥ ♥♦✐r✳



✺✵
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s

❛✈♦♥s r❡t✐ré ❧❡s ♣ér✐♦❞❡s ♦ù ❞❡s é♠✐ss✐♦♥s r❛❞✐♦ s♦❧❛✐r❡s ♦♥t été ♦❜s❡r✈é❡s ♣❛r
❧✬✐♥str✉♠❡♥t ❡t ♥♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t r❡❥❡té ❧❡s s♣❡❝tr❡s ❞♦♥t ❧❛ q✉❛❧✐té ❞❡
❧✬❛❥✉st❡♠❡♥t ♥✬ét❛✐t ♣❛s s❛t✐s❢❛✐s❛♥t❡ ❡♥ r❛✐s♦♥ ❞❡ ❞♦♥♥é❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t
❝♦rr♦♠♣✉❡s à ❤❛✉t❡s ❢réq✉❡♥❝❡s ✐♥✢✉❛♥t s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛✲
t✉r❡✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❝♦rr❡s♣♦♥❞❛♥t ❝♦♥t✐❡♥t ❞♦♥❝ ✸✵✵✵✵ ♣♦✐♥ts ❡♥✈✐r♦♥ ✭s♦✐t ✉♥
♣❡✉ ♣❧✉s ❞❡ ❧❛ ♠♦✐t✐é ❞✉ t♦t❛❧✮ ré♣❛rt✐t ❡♥tr❡ ✶✳✺ ❡t ✷✳✸ ❯❆✳ ▲✬✐♥✢✉❡♥❝❡ ❞✉
❝❤♦✐① ❞✉ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ ❞❡s s♣❡❝tr❡s ❡st ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥
❞❡s ✐♥❝❡rt✐t✉❞❡s✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ❡①♣❛♥s✐♦♥
s♣❤ér✐q✉❡ à ✈✐t❡ss❡ ❝♦♥st❛♥t❡ ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ❛✈❡❝ ❧❛ ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥ s✉✐✈❛♥t❡ ✿

ne (× 105♠−3) = (26.8 ± 0.3) × R
(−1.96± 0.08)
UA ✭✺✳✷✮

♦ù RUA ❡st ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❡♥ ❯❆✳ ▲❛ ✈❛❧❡✉r ❞❡ ❧❛ ❞❡♥s✐té à ✶ ❯❆✱
2.68 × 106♠−3✱ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❝❡❧❧❡ ♦❜t❡♥✉❡ ❛✈❡❝ ❧❛ s♦♠♠❡ ❞❡ ❞❡✉①
▼❛①✇❡❧❧✐❡♥♥❡s ♣❡♥❞❛♥t ❧❛ ♠ê♠❡ ♣ér✐♦❞❡ ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❈❡t ❛❝❝♦r❞
✈❛❧✐❞❡ ❧❛ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s r❛❞✐♦ ♣❛r ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡
❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛✱ ❛✐♥s✐ q✉❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡s s♣❡❝tr❡s ét✉❞✐és✳ ❆✉ ✈✉ ❞❡ ❝❡
rés✉❧t❛t✱ ♥♦✉s ♣♦✉✈♦♥s ♥♦✉s ✐♥tér❡ss❡r à ❧✬é✈♦❧✉t✐♦♥ r❛❞✐❛❧❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
❡t ❞✉ ♣❛r❛♠ètr❡ κ s✉r ❝❡t é❝❤❛♥t✐❧❧♦♥ ♣♦✉r ❡♥ ❞é❞✉✐r❡ ❧❡✉r ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥
❞❛♥s ✉♥ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ❡♥ ❡①♣❛♥s✐♦♥ s♣❤ér✐q✉❡ à ✈✐t❡ss❡ ❝♦♥st❛♥t❡✳ ❈❡s
♣❛r❛♠ètr❡s s♦♥t ❞✐✣❝✐❧❡s à ♠❡s✉r❡r ♣❛r ❧❡s ❛♥❛❧②s❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s✱ ❝❛r ✐❧s
s♦♥t ❛✛❡❝tés ♣❛r ❧❡ ♣♦t❡♥t✐❡❧ ❞✉ s❛t❡❧❧✐t❡s ❡t ❧❡s ♣❤♦t♦é❧❡❝tr♦♥s✳

▲❛ ✜❣✉r❡ ✺✳✻ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♣♦✉r ❧❛ ♠ê♠❡ sé❧❡❝t✐♦♥ ❞❡ ❞♦♥♥é❡s q✉❡ ♣♦✉r ❧❛ ❞❡♥s✐té✳
▲❛ ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥ ❛✐♥s✐ ♦❜t❡♥✉❡ ❡st ✿

Te (× 105❑) = (2.3 ± 0.3) × R
(−0.5± 0.15)
UA ✭✺✳✸✮

▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧
❡st ❝♦♠♣r✐s❡ ❡♥tr❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛❞✐❛❜❛t✐q✉❡ ❡t ✐s♦t❤❡r♠❡✳ ▲❡ ❝♦❡✣❝✐❡♥t
❞❡ ✈❛r✐❛t✐♦♥ ♦❜t❡♥✉✱ −0.5✱ ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡❧✉✐ ♦❜t❡♥✉ ♣♦✉r ❧❡s ❞♦♥♥é❡s ❞❡s
❛♥❛❧②s❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s ❞❡s s♦♥❞❡s ❍❊▲■❖❙✱ ❲■◆❉ ❡t ❯❧②ss❡ ❡♥tr❡ ✵✳✸ ❡t ✶✳✺
❯❆ ❞❛♥s ❧❡ ✈❡♥t r❛♣✐❞❡ ✭P✐❧✐♣♣ ❡t ❛❧✳✱ ✶✾✾✵✱ ▼❛❦s✐♠♦✈✐❝ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❈♦♠♣❛ré
à ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s✱ ❡♥
R−0.64✱ ♦❜t❡♥✉❡ s✉r ❧❡s ♠ê♠❡s ❞♦♥♥é❡s ✭■ss❛✉t✐❡r ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❧❛ t❡♠♣ér❛t✉r❡
t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ✈❛r✐❡ ♠♦✐♥s ❢♦rt❡♠❡♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡✳

▲❛ ✈❛❧❡✉r ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ à ✶ ❯❆ ❛✐♥s✐ ♦❜t❡♥✉❡ ❡st ❧é❣èr❡♠❡♥t
♣❧✉s é❧❡✈é❡ q✉❡ ❝❡❧❧❡ ♠❡s✉ré❡ à (1.5 ± 0.5)× 105❑ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡
❞❛♥s ❧❡ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡ ✭P✐❧✐♣♣ ❡t ❛❧✳✱ ✶✾✾✵✱ ▼❛❦s✐♠♦✈✐❝ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❈❡tt❡
❞✐✛ér❡♥❝❡ ♣❡✉t êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡s ❞✐✣❝✉❧tés à ❞ét❡r♠✐♥❡r ❝♦rr❡❝t❡♠❡♥t ❧❡
♣♦t❡♥t✐❡❧ ❞❡ s♦♥❞❡ ❡t ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ♣❤♦t♦é❧❡❝tr♦♥s✱ q✉✐ ✈❛ ✐♥✢✉❡r s✉r ❧❡s
♠❡s✉r❡s é❧❡❝tr♦♥✐q✉❡s ❞❡s ❞❡♥s✐tés ❡t ❞❡s t❡♠♣ér❛t✉r❡s ❞✉ ❝÷✉r ❡t ❞✉ ❤❛❧♦ ♣❛r
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❋✐❣✉r❡ ✺✳✻ ✕ ❱❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦✲
t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♦❜t❡♥✉❡ ♣❛r ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥
❞❡ t②♣❡ ❦❛♣♣❛ ❧♦rs ❞✉ ♣r❡♠✐❡r ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❞❛♥s ❧✬❤é♠✐s✲
♣❤èr❡ s✉❞✳ ▲❡s ♣♦✐♥ts ❣r✐s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♠❡s✉r❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✱ ❞♦♥t ❧❡s
♠♦②❡♥♥❡s ❡t ❧❡s é❝❛rt✲t②♣❡s t♦✉s ❧❡s ✵✳✶ ❯❆ s♦♥t r❡♣rés❡♥tés ❡♥ ♥♦✐r✳

❧❡s ❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s✳ ❉❡ ♠ê♠❡✱ ❧❡s ❞✐str✐❜✉t✐♦♥s ✉t✐❧✐sé❡s ♣♦✉r ❛♥❛❧②s❡r
❧❡s ❞♦♥♥é❡s ❞❡s ❛♥❛❧②s❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s à ✶ ❯❆ ❝♦♥s✐❞èr❡♥t sé♣❛ré♠❡♥t ❧❡
❝÷✉r ❡t ❧❡ ❤❛❧♦ s✉♣r❛✲t❤❡r♠✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✳

❊♥✜♥✱ ✉♥❡ ❛♥✐s♦tr♦♣✐❡ t❡❧❧❡ q✉❡ Te|| ≈ 2×Te⊥ ❡st ♠❡s✉ré❡ ♣❛r ❍❊▲■❖❙ à ✶
❯❆ ✭P✐❧✐♣♣ ❡t ❛❧✳✱ ✶✾✾✵✮✱ ♦r ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❞✐t ❛✉ ❝❤❛♣✐tr❡ ✷✱ ♥♦✉s ❝♦♥s✐❞✲
ér♦♥s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡s é❧❡❝tr♦♥s ❡st ✐s♦tr♦♣❡✱ ❝❡ q✉✐ ♣❡✉t ✐♥✢✉❡♥❝❡r ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♠❡s✉ré❡✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ❧❡ ❝❛s ❞✬❯❧②ss❡ à ❤❛✉t❡ ❧❛t✐✲
t✉❞❡✱ ❧❡s ❛♥t❡♥♥❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
✐♥t❡r♣❧❛♥ét❛✐r❡ ❡t✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡ ✭♦ù ❧❡s ❞✐str✐❜✉t✐♦♥s s♦♥t
❞❡s ▼❛①✇❡❧❧✐❡♥♥❡s✮ ❧❛ t❡♠♣ér❛t✉r❡ ♠❡s✉ré❡ ❡st (Te|| + Te⊥)/2 ✭▼❡②❡r✲❱❡r♥❡t✱
✶✾✾✹✮✳ ❆✐♥s✐✱ s✐ Te|| ≈ 2 × Te⊥✱ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❜r✉✐t t❤❡r♠✐q✉❡ ❡st s✉r❡s✲
t✐♠é❡ ❞❡ 10%✱ ❡t ♦♥ ♣❡✉t s✉♣♣♦s❡r q✉✬✐❧ ❡♥ ✈❛ ❞❡ ♠ê♠❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❦❛♣♣❛✳ ◆♦t♦♥s é❣❛❧❡♠❡♥t q✉❡ ❧❛ t❡♠✲
♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s q✉❡ ♥♦✉s ♦❜t❡♥♦♥s à ✶ ❯❆ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡
r❛♣✐❞❡ à ❤❛✉t❡ ❧❛t✐t✉❞❡ ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉❡ ❝❡❧❧❡ ❞❡s ♣r♦t♦♥s
♠❡s✉ré❡ ♣❛s ❙❲❖❖P❙ s✉r ❧❛ ♠ê♠❡ ♣ér✐♦❞❡ ❡t ❞❛♥s ❧❡ ♠ê♠❡ ✈❡♥t ✭❊❜❡rt
❡t ❛❧✳✱ ✷✵✵✾✮✳

▲❡s ❤✐st♦❣r❛♠♠❡s ♥♦r♠❛❧✐sés ❞❡ ❧❛ ❞❡♥s✐té ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s



✺✷
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s
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❋✐❣✉r❡ ✺✳✼ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♥♦r♠❛❧✐sé à ✶ ❯❆ ❡♥
R1.96 ✭❤❛✉t✮ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♥♦r♠❛❧✐sé à ✶ ❯❆ ❡♥ R0.5

✭❜❛s✮ ♦❜t❡♥✉❡s ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ❞❡s ❢♦♥❝t✐♦♥s
❦❛♣♣❛✳



✺✳✷✳ ❱❛r✐❛t✐♦♥s r❛❞✐❛❧❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡s ♣r♦♣r✐étés
♥♦♥✲t❤❡r♠✐q✉❡s ❞❡s é❧❡❝tr♦♥s ✺✸
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κ

R (AU)

κ = 2.0 x RAU
-0.02

❋✐❣✉r❡ ✺✳✽ ✕ ❱❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❞✉ ♣❛r❛♠ètr❡ κ ♦❜t❡♥✉❡
♣❛r ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ❦❛♣♣❛ ❧♦rs ❞✉ ♣r❡✲
♠✐❡r ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ s✉❞✳ ▲❡s ♣♦✐♥ts ❣r✐s
❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♠❡s✉r❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✱ ❞♦♥t ❧❡s ♠♦②❡♥♥❡s ❡t ❧❡s é❝❛rt✲t②♣❡s
t♦✉s ❧❡s ✵✳✶ ❯❆ s♦♥t r❡♣rés❡♥tés ❡♥ ♥♦✐r✳

é❧❡❝tr♦♥s ♠❡s✉ré❡s ♣❛r ♥♦tr❡ ♠ét❤♦❞❡ s✉r ❝❡t é❝❤❛♥t✐❧❧♦♥ ❞❡s ❞♦♥♥é❡s ❞✬❯✲
❘❆P✱ r❡♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✺✳✼✱ ♠♦♥tr❡♥t q✉❡ ♥♦✉s r❡tr♦✉✈♦♥s ❧❡s ♠ê♠❡s
♣❛r❛♠ètr❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ q✉❡ ❧♦rs ❞❡ ❧✬❛♥❛❧②s❡ ❛✈❡❝ ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉①
▼❛①✇❡❧❧✐❡♥♥❡s ✭✈♦✐r ❝❤❛♣✐tr❡ ✸✮✳ ▲❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ q✉❡ ♥♦✉s ♠❡s✉r♦♥s
❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬é✈❛❧✉❛t✐♦♥ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❡♥ ❢❛✐r❡ ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ❞❡s
♣❛r❛♠ètr❡s ♦❜t❡♥✉❡s ❛✈❡❝ ❧❛ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ❡♥ ✉t✐❧✐s❛♥t ❧❛
❢♦r♠✉❧❡ ✺✳✶✳

▲❡ ♣❛r❛♠ètr❡ κ✱ ❞♦♥t ❧✬é✈♦❧✉t✐♦♥ ❛✈❡❝ ❧❡ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧ ❡st ♣rés❡♥té❡ s✉r
❧❛ ✜❣✉r❡ ✺✳✽✱ r❡st❡ ❣❧♦❜❛❧❡♠❡♥t ❝♦♥st❛♥t ❡♥tr❡ ✶✳✺ ❡t ✷✳✸ ❯❆✱ ❛✈❡❝ ✉♥❡ ✈❛❧❡✉r
♠♦②❡♥♥❡ ❛✉t♦✉r ❞❡ ✷✱ ❝♦♠♣❛r❛❜❧❡ à ❧❛ ✈❛❧❡✉r ❞ét❡r♠✐♥é❡ ♣❛r ❛♥❛❧②s❡ ❞❡s
❞✐str✐❜✉t✐♦♥s ♠❡s✉ré ♣❛r ❯❧②ss❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ r❛♣✐❞❡ ❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥
❦❛♣♣❛ ✭▼❛❦s✐♠♦✈✐❝ ❡t ❛❧✳✱ ✶✾✾✼✮✳

✺✳✷✳✷ ❈♦♠♣❛r❛✐s♦♥s ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s

▲❛ ♠❡s✉r❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♣❡r♠❡t ❞❡ ❝♦♠♣❛r❡r ♥♦s
rés✉❧t❛ts ❛✉① ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✳

❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ✈❛❧❡✉r ❞✉ ♣❛r❛♠ètr❡ κ ❞é❞✉✐t❡ ❞❡s ♠❡s✉r❡s ❡st ❝♦♠♣❛t✐❜❧❡
❛✈❡❝ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ à ♣❧✉s ❞❡ ✼✺✵ ❦♠✳s−1 ✭▲❛♠② ❡t ❛❧✳✱ ✷✵✵✸✮✳



✺✹
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s

❋✐❣✉r❡ ✺✳✾ ✕ ❙❝❤é♠❛ ❞❡s ❞✐✛ér❡♥t❡s ♦r❜✐t❡s ❞❡s é❧❡❝tr♦♥s ♣ré❞✐t❡s ♣❛r ❧❡s
♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ❡t ❧❡✉rs ❝♦♥tr✐❜✉t✐♦♥s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ✈✐t❡ss❡s ✭❧❡s
s✐❣♥❡s || ❡t ⊥ s♦♥t ❞é✜♥✐s ♣❛r r❛♣♣♦rt ❛✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✮✳ ❚✐ré❡ ❞❡ ▼❡②❡r✲
❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✵✸✮✳

❉❡ ♠ê♠❡✱ s❛ ❝♦♥st❛♥❝❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝
❞❡ t❡❧s ♠♦❞è❧❡s✳ ◆é❛♥♠♦✐♥s✱ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ♦❜t❡♥✉❡ ❡♥tr❡ ✶✳✺ ❡t ✷✳✸
❯❆ ❡st ✐♥❢ér✐❡✉r❡ à ❝❡❧❧❡ ♦❜t❡♥✉❡ ♣❛r ❝❡ ♠♦❞è❧❡ ❡♥ r❛✐s♦♥ ❞✉ ♣❤é♥♦♠è♥❡ ❞❡
✜❧tr❛❣❡ ❞✉ ✈✐t❡ss❡ q✉✐ ♣♦✉r ✉♥❡ t❡♠♣ér❛t✉r❡ ré❛❧✐st❡ à ❧✬❡①♦❜❛s❡ ❝❤❛✉✛❡ ❧❡s
é❧❡❝tr♦♥s ❥✉sq✉✬à ✉♥❡ t❡♠♣ér❛t✉r❡ ♠❛①✐♠❛❧❡ ❞❡ ♣rès ❞❡ 107❑ ✭▲❛♠② ❡t ❛❧✳✱
✷✵✵✸✱ ❩♦✉❣❛♥❡❧✐s ❡t ❛❧✳✱ ✷✵✵✹✮✳

◆♦✉s ♣♦✉✈♦♥s t♦✉t ❞❡ ♠ê♠❡ ❝♦♠♣❛r❡r ♥♦s rés✉❧t❛ts ♣♦✉r ❧❛ t❡♠♣ér❛t✉r❡
t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✱ q✉✐ ♣ré❞✐s❡♥t q✉❡ ❧❛ t❡♠✲
♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s é✈♦❧✉❡ ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞✬✉♥ t❡r♠❡ ❛❞✐❛❜❛t✐q✉❡ ❡♥
R−4/3 ❡t ❞✬✉♥ t❡r♠❡ ❝♦♥st❛♥t✱ ❧❡s ❞❡✉① ❛②❛♥t ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ❞✉ ♠ê♠❡ ♦r✲
❞r❡ ❞❡ ❣r❛♥❞❡✉r à ✶ ❯❆ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✸✮✳ ▲❡ t❡r♠❡ ❛❞✐❛❜❛t✐q✉❡
❝♦rr❡s♣♦♥❞ à ❧✬é✈♦❧✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ♣✐é❣és ❡t ❜❛❧✐st✐q✉❡s ♣rés❡♥tés ❞❛♥s ❧❛
✜❣✉r❡ ✺✳✾✱ ❡t ❧❡ t❡r♠❡ ❝♦♥st❛♥t ❡st ❝❡❧✉✐ ❞❡s é❧❡❝tr♦♥s s✬é❝❤❛♣♣❛♥t ❞✉ ❙♦❧❡✐❧
❛✈❡❝ ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✈❛r✐❛♥t ❡♥ R−2 ✭❝❡ q✉✐ ❡st ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ❧❡
❝❛s à ✶ ❯❆ ❡t à ❤❛✉t❡s ❧❛t✐t✉❞❡s✮✳ ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✺✳✾ q✉❡
❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ♥✬♦♥t r✐❡♥ à ✈♦✐r ❛✈❡❝ ❧❡s ❞✐str✐❜✉✲
t✐♦♥s ♠❡s✉ré❡s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ ✭♣rés❡♥té❡s ❛✉ ❝❤❛♣✐tr❡ ✷✮✱ ❡t ✐❧ ❡st ❛❧♦rs
♥♦r♠❛❧ q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ♠❡s✉ré❡ ♣❛r ■ss❛✉t✐❡r ❡t ❛❧✳

✭✶✾✾✽✮ ♥❡ ✈❛r✐❡ ♣❛s ♥♦♥ ♣❧✉s ❡♥ R−4/3✳ ❉❡ ♠ê♠❡✱ ❧❡ ❢❛✐t q✉❡ ❧❛ t❡♠♣ér❛t✉r❡
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❋✐❣✉r❡ ✺✳✶✵ ✕ ❚❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ♦❜t❡♥✉❡ ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❞✉
❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ♣♦✉r ❧❡s ❞♦♥♥é❡s ❞✉ ♣❛ss❛❣❡
r❛♣✐❞❡ ❡♥tr❡ ✹✵ ❡t 80◦❙ ❞✬❯❧②ss❡ ❡♥ ✶✾✾✹✳ ▲❡s ♣♦✐♥ts ❣r✐s ❝♦rr❡s♣♦♥❞❡♥t ❛✉①
♠❡s✉r❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✱ ❞♦♥t ❧❡s ♠♦②❡♥♥❡s ❡t ❧❡s é❝❛rt✲t②♣❡s t♦✉s ❧❡s ✵✳✶ ❯❆ s♦♥t
r❡♣rés❡♥tés ❡♥ ♥♦✐r✳ ▲❛ ❞r♦✐t❡ ❜❧❡✉❡ ❝♦rr❡s♣♦♥❞ à ❧✬❛❥✉st❡♠❡♥t ❞✬✉♥ ♠♦❞è❧❡
❡①♦s♣❤ér✐q✉❡✳

t♦t❛❧❡ ♦❜t❡♥✉❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❞✐♠✐♥✉❡ ♣❧✉s ❧❡♥t❡♠❡♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ q✉❡
❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r t❤❡r♠✐q✉❡ s✬❡①♣❧✐q✉❡ ❡♥ ❝♦♥s✐❞ér❛♥t q✉❡✱ ❞❛♥s ❧❡ ❝❛s
❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s é❧❡❝tr♦♥s s✬é❝❤❛♣♣❛♥t s♦♥t ✐♥❝❧✉s✳

▲❛ ✜❣✉r❡ ✺✳✶✵ ♣rés❡♥t❡ ❧✬❛❥✉st❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❞❡ ❧❛ ✜❣✉r❡ ✺✳✻ ❛✈❡❝ ❧❛
♣ré❞✐❝t✐♦♥ ❞❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✱ ♦♥ ♦❜t✐❡♥t ❛❧♦rs ✿

Te (× 105 ❑) = (1.0 ± 0.2) + (1.5 ± 0.3) × R
−4/3
UA ✭✺✳✹✮

❛✈❡❝ ✉♥ ❛✉ss✐ ❜♦♥ ❛❝❝♦r❞ q✉❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ ✉t✐❧✐sé ❞❛♥s ❧❛ s♦✉s✲s❡❝t✐♦♥ ♣ré❝é✲
❞❡♥t❡✳ ❈♦♠♠❡ ♣ré✈✉ ♣❛r ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✱ ❧❡ t❡r♠❡ ❛❞✐❛❜❛t✐q✉❡ ❡t
❧❡ t❡r♠❡ ✐s♦t❤❡r♠❡ s♦♥t ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳

✺✳✸ ❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s

▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥ ❦❛♣♣❛ ♣♦✉r
❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡s é❧❡❝tr♦♥s ♣❡r♠❡t ❞❡ ♠❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❛ t❡♠✲
♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✳ ❊♥ ❧✬❛♣♣❧✐q✉❛♥t à ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ❞♦♥♥é❡s ❞❡
❧✬✐♥str✉♠❡♥t ❯❘❆P à ❜♦r❞ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ✿ ✶✮ ✈❛❧✐❞❡r ❧❛



✺✻
❈❤❛♣✐tr❡ ✺✳ ➱✈♦❧✉t✐♦♥ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s

❞❡s é❧❡❝tr♦♥s

♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❡♥ ❧❡s ❝♦♠♣❛r❛♥t ❛✈❡❝ ❧❡s rés✉❧t❛ts
♦❜t❡♥✉s ♣ré❝é❞❡♠♠❡♥t ❛✈❡❝ ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐❡♥♥❡s ❀ ✷✮ ❞ét❡r♠✐♥❡r
❧❛ ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❡t ❞✉ ♣❛r❛♠ètr❡
κ ♣♦✉r ❧❡ ✈❡♥t ♣♦❧❛✐r❡ r❛♣✐❞❡ ❡♥ ❡①♣❛♥s✐♦♥ s♣❤ér✐q✉❡ à ✈✐t❡ss❡ ❝♦♥st❛♥t❡✳ ▲❡s
♣r♦✜❧s ❞✬é✈♦❧✉t✐♦♥ ❛✐♥s✐ ♦❜t❡♥✉s ❡♥tr❡ ✶✳✺ ❡t ✷✳✸ ❯❆ s♦♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡s
♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ✿ ✉♥ ♣❛r❛♠ètr❡ κ ❝♦♥st❛♥t ❡t ✉♥❡ é✈♦❧✉✲
t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ✉♥❡ ✈❛r✐❛t✐♦♥ ❛❞✐❛❜❛t✐q✉❡ ❡t ✐s♦t❤❡r♠❡✱
❛✈❡❝ ✉♥❡ ♣❡♥t❡ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ♣♦✉r ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡s é❧❡❝tr♦♥s✳

❆✉ ✈✉ ❞❡ ❝❡s rés✉❧t❛ts✱ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ❞❡s
❢♦♥❝t✐♦♥s ❦❛♣♣❛ ❡st ✉♥ ♦✉t✐❧ ✜❛❜❧❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡
t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❞❡s ♣❧❛s♠❛s ♣❡✉ ❝♦❧❧✐s✐♦♥♥❡❧s✳ ▲❡ tr❛✐t❡♠❡♥t s②sté♠❛t✐q✉❡
❞❡s ❞♦♥♥é❡s ❞❡s ré❝❡♣t❡✉rs r❛❞✐♦ ❞❡s s♦♥❞❡s ❲■◆❉ ❡t ❯❧②ss❡ ♣❡r♠❡ttr❛ ✿ ✶✮
❞❛♥s ❧❡ ❝❛s ❞❡ ❲■◆❉✱ ❞✬♦❜t❡♥✐r ✉♥❡ st❛t✐st✐q✉❡ ❞❡s ♣❛r❛♠ètr❡s ❞❡s é❧❡❝tr♦♥s
❞✉ ✈❡♥t s♦❧❛✐r❡ à ✶ ❯❆ ❞❛♥s ❧❡ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞❡
✈❡♥t r❡♥❝♦♥tré ✭✈❡♥t ❧❡♥t✱ ③♦♥❡ ❞❡ ❝♦♠♣r❡ss✐♦♥ ❡t ✈❡♥t r❛♣✐❞❡✮✱ ❡t ❝❡ ❛✈❡❝
✉♥❡ ♠❡✐❧❧❡✉r ♣ré❝✐s✐♦♥ q✉❡ ♣♦✉r ❯❧②ss❡ ❡♥ r❛✐s♦♥ ❞✬✉♥❡ ♠❡✐❧❧❡✉r rés♦❧✉t✐♦♥ ❡♥
❢réq✉❡♥❝❡ ❡t ❡♥ t❡♠♣s ❀ ✷✮ ❞❛♥s ❧❡ ❝❛s ❞✬❯❧②ss❡✱ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ✈❛r✐❛t✐♦♥s
t❡♠♣♦r❡❧❧❡s✱ r❛❞✐❛❧❡s ❡t ❡♥ ❧❛t✐t✉❞❡ ❞❡s ♣r♦♣r✐étés ❞❡s é❧❡❝tr♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té s♦❧❛✐r❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ♣ér✐♦❞❡ ♣❡♥❞❛♥t
❧❛q✉❡❧❧❡ ❯❧②ss❡ ❛ r❡❥♦✐♥t ❏✉♣✐t❡r ❞❛♥s ❧❡ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡ ♣♦✉rr❛✐t ♣❡r♠❡ttr❡
❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❡✛❡ts ❞✬✉♥ ❝❤❛♠♣ s♣✐r❛❧ s✉r ❧❡s é❧❡❝tr♦♥s✳

❊♥ ♣❧✉s ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡s ✐♥str✉♠❡♥ts r❛❞✐♦ ❞❡ ❲■◆❉ ❡t ❯❧②ss❡✱
❧❡ ❝❛❧❝✉❧s t❤é♦r✐q✉❡s ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ❞❡s ❢♦♥❝t✐♦♥s ❦❛♣♣❛ ♣❡r♠❡t
é❣❛❧❡♠❡♥t ❞❡ s✐♠✉❧❡r ❧❡s s♣❡❝tr❡s ♠❡s✉r❛❜❧❡s ♣♦✉r ❧❡s ❢✉t✉rs ✐♥str✉♠❡♥ts r❛❞✐♦
❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✱ t❡❧ q✉❡ ❘P❲ s✉r ❙♦❧❛r ❖r❜✐t❡r✱ ❞♦♥t ✉♥ ❡①❡♠♣❧❡ ❞❡
s✐♠✉❧❛t✐♦♥ à ✹✺ r❛②♦♥s s♦❧❛✐r❡s ❡st ♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✺✳✶✶✱ ♦✉ ❡♥❝♦r❡ ♣♦✉r
❧✬✐♥str✉♠❡♥t ❞❡ ❙♦❧❛r Pr♦❜❡ P❧✉s✳
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❋✐❣✉r❡ ✺✳✶✶ ✕ ❙✐♠✉❧❛t✐♦♥ ❞✉ s♣❡❝tr❡ ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ♠❡s✉r❛❜❧❡ ♣❛r
❙♦❧❛r ❖r❜✐t❡r à ✹✺ r❛②♦♥s s♦❧❛✐r❡s ♣♦✉r ✷ t②♣❡s ❞❡ ♣❛r❛♠ètr❡s ❞❡ ✈❡♥t s♦❧❛✐r❡
❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ✈❡♥t ❧❡♥t ✭❡♥ r♦✉❣❡✮ ❡t à ✉♥ ✈❡♥t r❛♣✐❞❡ ✭❡♥ ❜❧❡✉✮✳





❉❡✉①✐è♠❡ ♣❛rt✐❡

■♥t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ❧❡s
♣♦✉ss✐èr❡s ❡t ♦✉✈❡rt✉r❡ ❛✉① ✈❡♥ts

st❡❧❧❛✐r❡s





❈❤❛♣✐tr❡ ✻

▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

❙♦♠♠❛✐r❡
✻✳✶ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡✳ ✳ ✻✶

✻✳✷ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✻✳✸ ❉ét❡❝t✐♦♥ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❛✈❡❝ ✉♥ ✐♥str✉♠❡♥t r❛❞✐♦ ✻✸

✻✳✸✳✶ ▲❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s s✬ét❡♥❞❛♥t ❧♦✐♥ ❞✉ s❛t❡❧❧✐t❡ ✳ ✳ ✳ ✳ ✻✺

✻✳✸✳✷ ▲❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s ♣rès ❞✉ s❛t❡❧❧✐t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✻✳✹ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❡t ❙❚❊❘❊❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✻✳✹✳✶ ▲✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❞❡ ♣✉✐ss❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✻✳✹✳✷ ❱❛r✐❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞✉ ♥♦♠❜r❡ ❞✬✐♠♣❛❝ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✻✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✻✳✶ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r✲
♣❧❛♥ét❛✐r❡✳

▲❡s ♣♦✉ss✐èr❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ s♦♥t à ❧✬♦r✐❣✐♥❡✱ ❡♥tr❡ ❛✉tr❡
❝❤♦s❡✱ ❞❡ ❧❛ ❧✉♠✐èr❡ ❩♦❞✐❛❝❛❧❡✳ ◆é❛♥♠♦✐♥s✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❛str♦♥♦♠✐q✉❡s
❞❡ ❝❡tt❡ ❧✉♠✐èr❡ ✐♥❞✐q✉❡♥t q✉✬❡❧❧❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡ ❛✉① ♣♦✉ss✐èr❡s ❞❡
t❛✐❧❧❡ s✉♣ér✐❡✉r❡ ❛✉ ♠✐❝r♦♠ètr❡✳ ❈❡s ♣❛rt✐❝✉❧❡s ♣r♦✈✐❡♥♥❡♥t ❡♥ ♣r❡♠✐❡r ❧✐❡✉
❞❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❧❡s ♦❜❥❡ts ❞✉ s②stè♠❡ s♦❧❛✐r❡ ♣❧✉s ❣r❛♥❞s q✉✬❡❧❧❡s✳ ❯♥ t❡❧
♣r♦❝❡ss✉s ♥✬✐♠♣❧✐q✉❡ ♣❛s ❞❡ t❛✐❧❧❡ ♠✐♥✐♠❛❧❡ ♣♦✉r ❧❡s ♣♦✉ss✐èr❡s✱ ❡t ❥✉sq✉✬à
♣rés❡♥t✱ ❛✉❝✉♥❡ ✐♥❞✐❝❛t✐♦♥ ❞✬✉♥❡ t❡❧❧❡ ❝♦✉♣✉r❡ ♥✬❛ été ♦❜s❡r✈é❡✳ ▲✬❛❜s❡♥❝❡
❞✬♦❜s❡r✈❛t✐♦♥s ❞✐r❡❝t❡s ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❧❡✉r ❢❛✐❜❧❡
s❡❝t✐♦♥ ❡✣❝❛❝❡ ❝♦♠♣❛ré❡ ❛✉① ❛✉tr❡s ♣❛rt✐❝✉❧❡s ♣rés❡♥t❡s ❞❛♥s ❧❡ ♥✉❛❣❡ ❞❡
♣♦✉ss✐èr❡ ✐♥t❡r♣❧❛♥ét❛✐r❡ ✭▼❛♥♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ■❧ ❡st ❞♦♥❝ très ♣r♦❜❛❜❧❡ q✉❡ ❧❡s
s❡✉❧❡s ❞ét❡❝t✐♦♥s ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ♥❡ s♦✐❡♥t
♣♦ss✐❜❧❡s q✉✬❛✈❡❝ ❞❡s ✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡ ✐♥ s✐t✉✳

❉❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ♦♥t ❛✐♥s✐ été ❞ét❡❝té❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❏✉♣✐t❡r ✭❩♦♦❦
❡t ❛❧✳✱ ✶✾✾✻✮ é❥❡❝té❡s ♣❛r ❧❡ s❛t❡❧❧✐t❡ ❥♦✈✐❡♥ ■♦ ✭●r❛♣s ❡t ❛❧✳✱ ✷✵✵✵✮✱ ❛✉ ✈♦✐s✐✲
♥❛❣❡ ❞❡ ❙❛t✉r♥❡ ✭❑❡♠♣❢ ❡t ❛❧✳✱ ✷✵✵✺✮✱ ❡♥ ♦r❜✐t❡ ❜❛ss❡ ❞❡ ❧❛ ❚❡rr❡ ✭❈❛r♣❡♥t❡r
❡t ❛❧✳✱ ✷✵✵✼✮✱ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ à ✶ ❯❆ ♣❛r ❧❡s s♦♥❞❡s ❙❚❊❘❊❖



✻✷ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

❋✐❣✉r❡ ✻✳✶ ✕ ❋❧✉① ❞❡ ♣❛rt✐❝✉❧❡s ❞❡ ♠❛ss❡ ♣❧✉s ❣r❛♥❞❡ q✉❡ m✳ ▲❛ ♠❡s✉r❡ ❞❡
❙❚❊❘❊❖✴❲❆❱❊❙ ✭❝r♦✐① r♦✉❣❡✱ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✵✾❜✮✮✱ ❧❛ ❞ét❡❝t✐♦♥ ❞❡
❧✬■❙❙ ✭❝r♦✐① ❜❧❡✉❡✱ ❈❛r♣❡♥t❡r ❡t ❛❧✳ ✭✷✵✵✼✮✮✱ ❡t ❧❡s β✲♠été♦r✐t❡s ❞ét❡❝té❡s ♣❛r
❯❧②ss❡ ✭r♦♥❞ ❜❧❡✉ ❝❧❛✐r✱ ❲❡❤r② ❡t ▼❛♥♥ ✭✶✾✾✾✮✮ s♦♥t s✉♣❡r♣♦sé❡s ❛✉① ♠♦❞è❧❡s
❞❡ ✢✉① ❞❡ ♣♦✉ss✐èr❡s ✐♥t❡r♣❧❛♥ét❛✐r❡s ✭❧✐❣♥❡ ❝♦♥t✐♥✉❡✱ ●r✉♥ ❡t ❛❧✳ ✭✶✾✽✺✮✮ ❡t ❞❡
♣❡t✐t ❝♦r♣s ✭❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡✱ ❈❡♣❧❡❝❤❛ ❡t ❛❧✳ ✭✶✾✾✽✮✮✳ ▲❛ ❧✐❣♥❡ ❝♦♥t✐♥✉❡ ✈❡rt❡
❝♦rr❡s♣♦♥❞ à ✉♥ ✢✉① ♣r♦♣♦rt✐♦♥♥❡❧ à m−5/6✱ ❛tt❡♥❞✉ ♣♦✉r ✉♥ éq✉✐❧✐❜r❡ ❞❡
❢r❛❣♠❡♥t❛t✐♦♥ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✳ ❚✐ré❡ ❞❡ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✵✾❜✮

✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ s②stè♠❡
s♦❧❛✐r❡ ✐♥t❡r♥❡ ♥é❝❡ss✐t❡ q✉❡ ❝❡❧❧❡s✲❝✐ ② s♦✐❡♥t ♣r♦❞✉✐t❡s ❡♥ ♣❡r♠❛♥❡♥❝❡✱ ❝❛r
❧❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✐♥t❡rst❡❧❧❛✐r❡s ♥❡ ♣❡✉✈❡♥t ♣❛s ♣é♥étr❡r ❞❛♥s ❧✬❤é❧✐♦s♣❤èr❡
❞♦♥t ❧❛ t❛✐❧❧❡ ❡st s✉♣ér✐❡✉r❡ à ❧❡✉r r❛②♦♥ ❞❡ ❣②r❛t✐♦♥✳ ❈❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✐♥✲
t❡r♣❧❛♥ét❛✐r❡s ♣❡✉✈❡♥t êtr❡ ❢♦r♠é❡s ♣❛r ❢r❛❣♠❡♥t❛t✐♦♥ ♦✉ ♣❛r s✉❜❧✐♠❛t✐♦♥ ❞❡
♣❧✉s ❣r♦s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡s ♦✉ ❞❡ ♣❡t✐ts ❝♦r♣s ✭▼❛♥♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳

▲❛ ✜❣✉r❡ ✻✳✶ ❝♦♠♣❛r❡ ❧❡s ♠❡s✉r❡s ❞❡ ✢✉① ❞❡s ♣❧✉s ♣❡t✐t❡s ♣♦✉ss✐èr❡s ❞é✲
t❡❝té❡s ❛✈❡❝ ❞✐✛ér❡♥ts ♠♦❞è❧❡s✳ ❖♥ ♣❡✉t ❛✐♥s✐ ② ✈♦✐r ❧❡ ❜♦♥ ❛❝❝♦r❞ ❡♥tr❡ ❝❡s
♠❡s✉r❡s ❡t ❧❛ ♣r♦❧♦♥❣❛t✐♦♥ ❞❡s ♠♦❞è❧❡s ♣♦✉r ❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣❡t✐t❡s ♠❛ss❡s✳ ▲❛
✜❣✉r❡ ✻✳✶ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ❝♦♥✜r♠❡r q✉✬✐❧ s✬❛❣✐t ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s r❛♣✐✲
❞❡s ❡t ♥♦♥ ❞❡ ♣♦✉ss✐èr❡s ♠✐❝r♦♠étr✐q✉❡s✱ ❧❡s ✢✉① ♠❡s✉rés ét❛♥t ❞❡ ♣❧✉s✐❡✉rs
♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r s✉♣ér✐❡✉rs à ❝❡✉① ♠❡s✉rés ♣♦✉r ❞❡ ♣❧✉s ❣r♦ss❡s ♣♦✉ss✐èr❡s
✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮✳



✻✳✷✳ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✻✸

✻✳✷ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦✉ss✐èr❡s ✐♥t❡r♣❧❛♥ét❛✐r❡s ♥✬❡st ♣❛s ❢♦r❝é♠❡♥t ❝♦♥✲
tr❛✐♥t❡ ♣❛r ❧❛ s❡✉❧❡ ❢♦r❝❡ ❞❡ ❣r❛✈✐t❛t✐♦♥✳ ❊♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r t❛✐❧❧❡ ❡t ❞❡ ❧❡✉r
♠❛ss❡✱ ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥✱ ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ ✶✱ ❛✐♥s✐ q✉❡ ❧❛ ❢♦r❝❡
❞❡ ▲♦r❡♥t③ ❥♦✉❡♥t ✉♥ rô❧❡ ♣❧✉s ♦✉ ♠♦✐♥s ✐♠♣♦rt❛♥t✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ♥❛♥♦♣❛r✲
t✐❝✉❧❡s✱ ❧❛ ❢♦r❝❡ ❞❡ ▲♦r❡♥t③ ❡st ❧❛r❣❡♠❡♥t ❞♦♠✐♥❛♥t❡✳

▲❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ❛❝q✉✐èr❡♥t ✉♥❡ ❝❤❛r❣❡
s♦✉s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❡✛❡t ♣❤♦t♦✲é❧❡❝tr✐q✉❡✱ ❞❡s ✐♠♣❛❝ts ❞✉ ♣❧❛s♠❛ ❛♠❜✐❛♥t ❡t
❞❡s é♠✐ss✐♦♥s s❡❝♦♥❞❛✐r❡s✳ ▲✬❡✛❡t ♣❤♦t♦✲é❧❡❝tr✐q✉❡ ❡st ❧❛r❣❡♠❡♥t ❞♦♠✐♥❛♥t✳
P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ❣r❛✐♥ ❛❝q✉✐❡rt ✉♥ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ♣♦s✐t✐❢ φ ❞❡ ♣❧✉s✐❡✉rs
❢♦✐s ❧✬é♥❡r❣✐❡ ❞❡s ♣❤♦t♦✲é❧❡❝tr♦♥s✳ ▲❡ r❛♣♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ s✉r ❧❛ ♠❛ss❡ ❞❡
❧❛ ♣❛rt✐❝✉❧❡ ❡st ❛✐♥s✐ q/m ≈ 3ε0φ/a

2ρ ❛✈❡❝ a ❧❡ r❛②♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡t ρ s❛
❞❡♥s✐té ♠❛ss✐q✉❡✳ ❈❡ r❛♣♣♦rt s✬❛❝❝r♦ît ❞♦♥❝ ❞✬❛✉t❛♥t ♣❧✉s ✈✐t❡ q✉❡ ❧❛ t❛✐❧❧❡ ❞❡s
♣❛rt✐❝✉❧❡s ❞✐♠✐♥✉❡✳ P♦✉r ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ✶✵ ♥♠✱ s♦✐t ❞✬✉♥❡ ♠❛ss❡ ❞❡ ❧✬♦r❞r❡
❞❡ 10−20 ❦❣ ♣♦✉r ρ ≈ 2.5 × 103 kg.m−3✱ ♦♥ ♦❜t✐❡♥t q/m ≈ 10−5 e/mp✱ ♦ù e
❡st ❧❛ ❝❤❛r❣❡ ❞✬✉♥ é❧❡❝tr♦♥ ❡t mp ❧❛ ♠❛ss❡ ❞✬✉♥ ♣r♦t♦♥ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱
✷✵✵✾❜✮✳ ❉❛♥s ✉♥ t❡❧ ❝❛s✱ ❧❛ ❢♦r❝❡ ❞❡ ▲♦r❡♥t③ ❡st ❞♦♠✐♥❛♥t❡ ❡t ✈❛ ♣❡r♠❡ttr❡
❞✬❛❝❝é❧ér❡r ❧❛ ♥❛♥♦♣❛rt✐❝✉❧❡ ❥✉sq✉✬à ✉♥❡ ✈✐t❡ss❡ ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞✉ ✈❡♥t s♦❧❛✐r❡
✭❈③❡❝❤♦✇s❦✐ ❡t ▼❛♥♥✱ ✷✵✶✵✱ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮✳

✻✳✸ ❉ét❡❝t✐♦♥ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❛✈❡❝ ✉♥ ✐♥✲
str✉♠❡♥t r❛❞✐♦

▲♦rsq✉✬✉♥❡ ♣♦✉ss✐èr❡ r❡♥❝♦♥tr❡ ❧❛ s✉r❢❛❝❡ ❞✬✉♥ s❛t❡❧❧✐t❡ à ✉♥❡ ✈✐t❡ss❡
s✉♣ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ ❞✉ s♦♥ ❞❛♥s ❧❡ ♠❛tér✐❛✉✱ t②♣✐q✉❡♠❡♥t q✉❡❧q✉❡s ❦✐❧♦✲
♠ètr❡s ♣❛r s❡❝♦♥❞❡✱ ❧✬é♥❡r❣✐❡ ❞✐ss✐♣é❡ ❞❛♥s ❧❡ ❝❤♦❝ ✈❛♣♦r✐s❡ ❡t ♣❛rt✐❡❧❧❡♠❡♥t
✐♦♥✐s❡ ❧❡ ❣r❛✐♥✱ ❛✐♥s✐ q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ s❛t❡❧❧✐t❡✳ ❈❡❧❛ ♣r♦❞✉✐t ✉♥
♥✉❛❣❡ ❞❡ ♣❧❛s♠❛ ❡♥ ❡①♣❛♥s✐♦♥✱ s❡ r❡❢r♦✐❞✐ss❛♥t ❡t s❡ r❡❝♦♠❜✐♥❛♥t ♣❛rt✐❡❧❧❡♠❡♥t
✭❉r❛♣❛t③ ❡t ▼✐❝❤❡❧✱ ✶✾✼✹✮✳ ▲❡s ❝❤❛r❣❡s rés✐❞✉❡❧❧❡s ❞❡ ❝❡ ♥✉❛❣❡ s♦♥t sé♣❛ré❡s ❡t
♣❛rt✐❡❧❧❡♠❡♥t r❡✲❝♦❧❧❡❝té❡s ♣✉✐s ❞ét❡❝té❡s ♣❛r ❧❡s ❛♥t❡♥♥❡s✳ ▲❛ ✜❣✉r❡ ✻✳✷ s❝❤é✲
♠❛t✐s❡ ❝❡ ♣❤é♥♦♠è♥❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s✱ ❧❛ s✉r❢❛❝❡ ❞❡ ❞ét❡❝t✐♦♥ ❡st
♣♦t❡♥t✐❡❧❧❡♠❡♥t ❧✬❡♥s❡♠❜❧❡ ❞✉ s❛t❡❧❧✐t❡✱ ❧à ♦ù ❧❡s ❞ét❡❝t❡✉rs ❝❧❛ss✐q✉❡s ♥✬♦♥t
❛❝❝ès q✉✬à ❧❡✉r s✉r❢❛❝❡ ❝♦❧❧❡❝tr✐❝❡✳

▲❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬✐♦♥✐s❛t✐♦♥ ❧♦rs ❞✬✉♥ ✐♠♣❛❝t ❞❡ ♣♦✉s✲
s✐èr❡ ♥❡ s♦♥t✱ à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✱ ♣❛s t♦✉s ✐♥❝❧✉s ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❡♥ ❧❛❜♦✲
r❛t♦✐r❡ ❡t ❞❛♥s ❧❡s t❤é♦r✐❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❝❤❛r❣❡ Q ❝réé❡ ♣❛r ✉♥ ✐♠♣❛❝t

✶✳ ▲✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ ❞é❝r✐t ❧❡ ♣r♦❝❡ss✉s ♣❛r ❧❡q✉❡❧ ❧❡ r❛②♦♥♥❡♠❡♥t s♦❧❛✐r❡ ❛❣✐t

s✉r ❧❡s ♣♦✉ss✐èr❡s ❞✉ ❙②stè♠❡ ❙♦❧❛✐r❡ ❡♥ ♣r♦✈♦q✉❛♥t ✉♥❡ ❧❡♥t❡ ❞❡s❝❡♥t❡ ❡♥ s♣✐r❛❧❡ ❞❡s ♣❛r✲

t✐❝✉❧❡s s✉r ❧❡ ❙♦❧❡✐❧✳



✻✹ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

❋✐❣✉r❡ ✻✳✷ ✕ ❯♥ ❣r❛✐♥ ❞❡ ♣♦✉ss✐èr❡ ✐♠♣❛❝t❛♥t ❧❡ s❛t❡❧❧✐t❡ à ❣r❛♥❞❡ ✈✐t❡ss❡ ❡st
✈❛♣♦r✐sé ❡t ✐♦♥✐sé✳ ❈❡❧❛ ♣r♦❞✉✐t ✉♥ ♥✉❛❣❡ ❞❡ ♣❧❛s♠❛ ❞♦♥t ❧❡s ❝❤❛r❣❡s ❝ré❡♥t ✉♥
♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ❞ét❡❝té ♣❛r ❧✬❛♥t❡♥♥❡✳ ❚✐ré❡ ❞❡ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✶✵✮

❡st ❞ét❡r♠✐♥é❡ s❡♠✐✲❡♠♣✐r✐q✉❡♠❡♥t ❛✈❡❝ ✉♥❡ ❣r❛♥❞❡ ✐♠♣ré❝✐s✐♦♥✳ ❈❡tt❡ ❝❤❛r❣❡
❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ♠❛ss❡ ❡t à ❧❛ ✈✐t❡ss❡✱ t②♣✐q✉❡♠❡♥t s❡❧♦♥ ❧❛ r❡❧❛t✐♦♥
Q ≈ 0.7m1.02 v3.48 ❛✈❡❝ Q ❡♥ ❈❜✱m ❡♥ ❦❣ ❡t v ❡♥ ❦♠✳s−1 ✭▼❝❇r✐❞❡ ❡t ▼❝❉♦♥✲
♥❡❧❧✱ ✶✾✾✾✮✳ ▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❧❛ r❡❧❛t✐♦♥ ♣ré❝é❞❡♥t❡ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ♠❛ss❡✱
❞❡ ❧❛ ✈✐t❡ss❡ ❛✐♥s✐ q✉❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ❣r❛✐♥ ❡t ❞❡ ❧❛ ❝✐❜❧❡✱ ❡t ♣❡✉✈❡♥t✱
❞♦♥❝✱ ❞✐✛ér❡r ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳ ❊♥ ❧✬❛❜s❡♥❝❡ ❞❡ ♠❡s✉r❡s ❡♥ ❧❛❜♦r❛t♦✐r❡
❛✈❡❝ ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s r❛♣✐❞❡s✱ ♥♦✉s ❞❡✈♦♥s s✉♣♣♦s❡r q✉❡ ❧❛ r❡❧❛t✐♦♥ ♣ré❝é✲
❞❡♥t❡ ❡st ✈❛❧✐❞❡ ♣♦✉r ❞❡ t❡❧❧❡s ♣❛rt✐❝✉❧❡s✱ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡
❧✬é♥❡r❣✐❡ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮✳ P♦✉r ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ✐♥t❡r♣❧❛♥é✲
t❛✐r❡s à ✶ ❯❆ q✉✐ s❡ ❞é♣❧❛❝❡♥t à 300 ❦♠✳s−1 ♣♦✉r ✉♥❡ ♠❛ss❡ m ≤ 10−20 ❦❣✱
♥♦✉s ♦❜t❡♥♦♥s Q ≈ 108×m ♣♦✉r ❞❡ t❡❧❧❡s ♠❛ss❡s✳ ❙❛❝❤❛♥t q✉❡ ❧❡s ♣♦✉ss✐èr❡s
❞❡ ♠❛ss❡ s✉♣ér✐❡✉r❡ à 10−20 ❦❣ ♥❡ ♣❡✉✈❡♥t ❛tt❡✐♥❞r❡ ❞❡ ❣r❛♥❞❡s ✈✐t❡ss❡s✱ ❧❛
❝❤❛r❣❡ ♠❛①✐♠❛❧❡ ❡st ❞❡ Q ≈ 10−12❈❜✳

▲✬✐♠♣✉❧s✐♦♥ é❧❡❝tr✐q✉❡ ✐♥❞✉✐t❡ ♣❛r ✉♥ ✐♠♣❛❝t ❛tt❡✐♥t s♦♥ ♠❛①✐♠✉♠ ❡♥ ✉♥
t❡♠♣s τr✱ ♣✉✐s ❞é❝r♦ît ❡♥ ✉♥ t❡♠♣s ❜❡❛✉❝♦✉♣ ♣❧✉s ❧♦♥❣ τd ❞é♣❡♥❞❛♥t ♣r✐♥❝✐✲
♣❛❧❡♠❡♥t ❞❡ ❧✬✐♥str✉♠❡♥t✳ ▲❛ ✈❛❧❡✉r ❞❡ τr ❝♦rr❡s♣♦♥❞ t②♣✐q✉❡♠❡♥t ❛✉ t❡♠♣s
♥é❝❡ss❛✐r❡ ♣♦✉r q✉✬✉♥ ♥✉❛❣❡ ❞❡ ❝❤❛r❣❡ Q ❡♥ ❡①♣❛♥s✐♦♥ à ❧❛ ✈✐t❡ss❡ Vexp ré❞✉✐s❡
s❛ ❞❡♥s✐té ❛✉ ♥✐✈❡❛✉ ❛♠❜✐❛♥t na✳ ❖♥ ♦❜t✐❡♥t ❛✐♥s✐ ✿

τr ≈ Rmax

Vexp
✭✻✳✶✮



✻✳✸✳ ❉ét❡❝t✐♦♥ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❛✈❡❝ ✉♥ ✐♥str✉♠❡♥t r❛❞✐♦ ✻✺

❋✐❣✉r❡ ✻✳✸ ✕ ■♠♣✉❧s✐♦♥ t②♣✐q✉❡ ♣r♦❞✉✐t❡ ♣❛r ❧✬✐♠♣❛❝t ❞✬✉♥❡ ♣♦✉ss✐èr❡ ✭❤❛✉t
❣❛✉❝❤❡✮✱ rés✉❧t❛t ❛♣rès ✜❧tr❛t✐♦♥ ✐♥str✉♠❡♥t❛❧❡ ✭❜❛s ❣❛✉❝❤❡✮✱ ❡t s♣❡❝tr❡ ❞❡
♣✉✐ss❛♥❝❡ ✭❞r♦✐t❡✮✳ ❚✐ré❡ ❞❡ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✶✵✮

♦ù Rmax ≈ (3Q/4πena)
1/3 ❝♦rr❡s♣♦♥❞ ❛✉ r❛②♦♥ ♠❛①✐♠✉♠ ❞✉ ♥✉❛❣❡ ✭▼❡②❡r✲

❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮✳
P♦✉r ✉♥ t❛✉① ❞✬✐♠♣✉❧s✐♦♥ N ✱ ❞✬❛♠♣❧✐t✉❞❡ ♠❛①✐♠✉♠ δV ✱ ❡t ✉♥ t❡♠♣s ❞❡

♠♦♥té❡ τr✱ ❧❡ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ❡st ✭▼❡②❡r✲❱❡r♥❡t✱ ✶✾✽✺✮ ✿

V 2
f ≈ 2 <

NδV 2

ω2(1 + ω2τ 2r )
> ✭✻✳✷✮

♣♦✉r ❞❡s ❢réq✉❡♥❝❡s f = ω/2π ♣❧✉s ❣r❛♥❞❡s q✉❡ ❧✬✐♥✈❡rs❡ ❞✉ t❡♠♣s ❞❡ ❞é❝r♦✐s✲
s❛♥❝❡ τd✱ ❛✈❡❝ <> r❡♣rés❡♥t❛♥t ✉♥❡ ♠♦②❡♥♥❡ s✉r ❧❡ ♥♦♠❜r❡ ❞✬✐♠♣✉❧s✐♦♥s ❞é✲
t❡❝té❡s ♣❡♥❞❛♥t ❧❡ t❡♠♣s ❞✬❛❝q✉✐s✐t✐♦♥✳ ❆✐♥s✐✱ à ❤❛✉t❡ ❢réq✉❡♥❝❡✱ ❧❡ s♣❡❝tr❡ ❞❡
♣✉✐ss❛♥❝❡ ✈❛r✐❡ ❡♥ 1/ω4✱ ❡t ♣♦✉r ❞❡s ❢réq✉❡♥❝❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ❧✬✐♥✈❡rs❡ ❞❡
τd ❡t ❧✬✐♥✈❡rs❡ ❞❡ τr ❡♥ 1/ω2✱ ❝♦♠♠❡ ❧❡ rés✉♠❡ ❧❛ ✜❣✉r❡ ✻✳✸✳ ▲✬❛♠♣❧✐t✉❞❡ ❞❡s
✐♠♣✉❧s✐♦♥s ✐♥❞✐✈✐❞✉❡❧❧❡s ❡t ❞✉ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ❝♦rr❡s♣♦♥❞❛♥t ❞é♣❡♥❞❡♥t
❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡s ❛♥t❡♥♥❡s✳

✻✳✸✳✶ ▲❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s s✬ét❡♥❞❛♥t ❧♦✐♥ ❞✉ s❛t❡❧❧✐t❡

❆✈❡❝ ❞❡s ❛♥t❡♥♥❡s ❧♦♥❣✉❡s s✬ét❡♥❞❛♥t ❧♦✐♥ ❞✉ s❛t❡❧❧✐t❡✱ ❝❡ q✉✐ ❡st ❧❛ ❝♦♥✲
✜❣✉r❛t✐♦♥ ❧❛ ♣❧✉s ❝♦✉r❛♥t❡✱ ❧❡ ♣♦t❡♥t✐❡❧ ❡st ❣é♥ér❛❧❡♠❡♥t ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛



✻✻ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

r❡✲❝♦❧❧❡❝t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ Q ♣❛r ❧❡ s❛t❡❧❧✐t❡ ❞❡ ❝❛♣❛❝✐té C✳ ▲✬❛♠♣❧✐t✉❞❡ ♠❛①✐✲
♠❛❧❡ ❞✉ s✐❣♥❛❧ ❡st ❛❧♦rs ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✶✾✾✻✱ ▼❡②❡r✲❱❡r♥❡t✱ ✷✵✵✶✮ ✿

δV1 ≈ Q/C ✭✻✳✸✮

❉❛♥s ❝❡ ❝❛s✱ ❧❡s ❛♥t❡♥♥❡s ❡♥ ♠♦❞❡ ♠♦♥♦♣♦❧❡ ✭♦ù ❧✬♦♥ ♠❡s✉r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡
♣♦t❡♥t✐❡❧ ❡♥tr❡ ❧✬❛♥t❡♥♥❡ ❡t ❧❡ ❝♦r♣s s❛t❡❧❧✐t❡✮ ❞ét❡❝t❡♥t ❡♥ ♠ê♠❡ t❡♠♣s ✉♥❡
✐♠♣✉❧s✐♦♥ −δV1✱ ❧✬❡♥s❡♠❜❧❡ ❞✉ s❛t❡❧❧✐t❡ ♣♦✉✈❛♥t s❡r✈✐r ❞❡ ❝✐❜❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱
❡♥ ♠♦❞❡ ❞✐♣ô❧❡ ✭♦ù ❧✬♦♥ ♠❡s✉r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ❡♥tr❡ ❞❡✉① ❛♥t❡♥♥❡s✮
❧❡ ✈♦❧t❛❣❡ ❞ét❡❝té ❡st ❞❡ ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉rs ✐♥❢ér✐❡✉rs ♣✉✐sq✉❡ ❧✬✐♠✲
♣✉❧s✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞✉ s❛t❡❧❧✐t❡ ♥✬❡st ❛❧♦rs ❞ét❡❝té❡ q✉❡ ♣❛r ❧❡s ❛s②♠étr✐❡s ❞✉
s②stè♠❡ ❛♥t❡♥♥❡s✴ré❝❡♣t❡✉r✳

❉❡ t❡❧❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ ♣♦✉ss✐èr❡s ♦♥t été ❢❛✐t❡s ❞❛♥s ❞✐✛ér❡♥ts ❡♥✈✐✲
r♦♥♥❡♠❡♥ts✱ t❡❧s q✉❡ ❧❡s ❛♥♥❡❛✉① ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s✱ ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts
❝♦♠ét❛✐r❡s ❡t ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ✭✈♦✐r ❧❛ r❡✈✉❡ ❞❡ ▼❡②❡r✲❱❡r♥❡t ✭✷✵✵✶✮✮✱
❡t s✉rt♦✉t ♣♦✉r ❞❡s ♣♦✉ss✐èr❡s r❡❧❛t✐✈❡♠❡♥t ❣r♦ss❡s ✭♠✐❝r♦♠ètr❡ ❡t ❛✉ ❞❡❧à✮✳
❘é❝❡♠♠❡♥t✱ ❧✬✐♥str✉♠❡♥t r❛❞✐♦ ❞❡ ❧❛ s♦♥❞❡ ❈❛ss✐♥✐ ❘P❲❙ ✭❘❛❞✐♦ ❛♥❞ P❧❛s♠❛
❲❛✈❡ ❙❝✐❡♥❝❡✮✱ ❞♦♥t ❧❡s ❛♥t❡♥♥❡s s✬é❝❛rt❡♥t ❧♦✐♥ ❞✉ s❛t❡❧❧✐t❡✱ ❛ ❞ét❡❝té ❧❛
♣rés❡♥❝❡ ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❏✉♣✐t❡r ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱
✷✵✵✾❛✮✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ♠❡s✉r❡s ❞❡ ❘P❲❙ ❛✈❡❝ ❧❡s ♠❡s✉r❡s ❝♦♥❥♦✐♥t❡s
❞❡s ✐♥str✉♠❡♥ts ❞é❞✐és ❛✉① ♣♦✉ss✐èr❡s ❞❡ ❈❛ss✐♥✐ ❡t ❞❡ ●❛❧✐❧❡♦ ♦♥t ♣❡r♠✐s
❞✬ét✉❞✐❡r ❧❡s ♣r♦♣r✐étés ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s r❡♥❝♦♥tré❡s ♣❛r ❈❛ss✐♥✐✱ ❡t ❛✐♥s✐
❞❡ ❝♦♥✜r♠❡r ❧❛ ❝❛♣❛❝✐té ❞❡ ♠❡s✉r❡r ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ❛✈❡❝ ✉♥ ✐♥str✉♠❡♥ts
r❛❞✐♦ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❛✮✳

✻✳✸✳✷ ▲❡ ❝❛s ❞❡s ❛♥t❡♥♥❡s ♣rès ❞✉ s❛t❡❧❧✐t❡

▲❛ ❞❡✉①✐è♠❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞✬❛♥t❡♥♥❡s ♣♦ss✐❜❧❡ ❡st ❝❡❧❧❡ ♣rés❡♥t❡ s✉r ❧❡s
s♦♥❞❡s ❙❚❊❘❊❖ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✸✳✷✮ ✿ ❧❡s ❛♥t❡♥♥❡s ✭♦✉ ❛✉ ♠♦✐♥s ❧✬✉♥❡ ❞✬❡♥✲
tr❡ ❡❧❧❡s✮ r❡st❡♥t ♣rès ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ s❛t❡❧❧✐t❡✱ ❡t ❧❡✉r ❧♦♥❣✉❡✉r L ♥✬❡st ♣❛s
❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ t❛✐❧❧❡ ♠❛①✐♠❛❧❡ ❞✉ ♥✉❛❣❡ Rmax✳ ❉❛♥s ❝❡ ❝❛s✱ ✉♥❡
♣♦rt✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧✬❛♥t❡♥♥❡ ♣❡✉t êtr❡ ✐♠♠❡r❣é❡ ❞❛♥s ❧❡ ♥✉❛❣❡ rés✉❧t❛♥t
❞✬✉♥ ✐♠♣❛❝t✱ ♣r♦❞✉✐s❛♥t ✉♥❡ ✐♠♣✉❧s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ ♠❛①✐♠❛❧❡ ✭▼❡②❡r✲❱❡r♥❡t
❡t ❛❧✳✱ ✷✵✵✾❜✮ ✿

δV2 =
kBT

e

Rmax

L
✭✻✳✹✮

❆ ❝♦♥❞✐t✐♦♥ q✉❡ δV2 > δV1✱ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ♣♦✉ss✐èr❡ ❡st ❞ét❡❝t❛❜❧❡ à ❧❛ ❢♦✐s ❡♥
♠♦❞❡ ❞✐♣ô❧❡✱ ♣✉✐sq✉✬✉♥❡ s❡✉❧❡ ❛♥t❡♥♥❡ ❡st ♣❧♦♥❣é❡ ❞❛♥s ❧❡ ♥✉❛❣❡✱ ❡t ❡♥ ♠♦❞❡
♠♦♥♦♣♦❧❡✳



✻✳✹✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❡t ❙❚❊❘❊❖ ✻✼

❋✐❣✉r❡ ✻✳✹ ✕ ❙♣❡❝tr❡ ❞②♥❛♠✐q✉❡ t②♣✐q✉❡ ❞❡s ✐♥str✉♠❡♥ts ▲❋❘ ❡t ❍❋❘ ❞❡
❙✴❲❆❱❊❙ ❛✈❡❝ ❧❡ ❞✐♣ô❧❡ EX −EY s✉r ❙❚❊❘❊❖ ❆ ❡t ❇ ✭❝❢ ❛♥♥❡①❡ ❆✳✸✳✷✮✳ ▲❡
♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❞✉ s✐❣♥❛❧ ❡st r❡♣rés❡♥té s❡❧♦♥ ✉♥❡ é❝❤❡❧❧❡ ❞❡ ❣r✐s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ❢réq✉❡♥❝❡ ❡t ❞✉ t❡♠♣s✱ ❛✈❡❝ ❧❡s ❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ✿ é♠✐ss✐♦♥ r❛❞✐♦
s♦❧❛✐r❡ ❞❡ t②♣❡ ■■■✱ r❛❞✐❛t✐♦♥ ❦✐❧♦♠étr✐q✉❡ t❡rr❡str❡ ✭❚❑❘✮ ❡t ♣♦✉ss✐èr❡s✳ ❚✐ré❡
❞❡ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✵✾❜✮✳

✻✳✹ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❡t ❙❚❊❘❊❖

✻✳✹✳✶ ▲✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❞❡ ♣✉✐ss❛♥❝❡

▲❛ ✜❣✉r❡ ✻✳✹ ♠♦♥tr❡ ✉♥ s♣❡❝tr❡ ❞②♥❛♠✐q✉❡ t②♣✐q✉❡ ♦❜t❡♥✉ ❛✈❡❝ ❧❡s ré✲
❝❡♣t❡✉rs ❜❛ss❡ ❡t ❤❛✉t❡ ❢réq✉❡♥❝❡ ❞❡ ❙❚❊❘❊❖✴❲❆❱❊❙ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✸✳✷✮✳
▲❡s é♠✐ss✐♦♥s très ✐♥t❡♥s❡s à ❜❛ss❡ ❢réq✉❡♥❝❡ ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡ ❡①♣❧✐q✉é❡s
♣❛r ✉♥❡ é♠✐ss✐♦♥ s♦❧❛✐r❡ ♦✉ ❞❡s ♦♥❞❡s ❞❡ ♣❧❛s♠❛ ❞✉ ✈❡♥t s♦❧❛✐r❡✳ ▲❛ ❢♦r♠❡ ❞✉
s♣❡❝tr❡ ❞❛♥s ❝❡s ③♦♥❡s ♣rés❡♥t❡ ❧❛ ✈❛r✐❛t✐♦♥ ❡♥ f−4 t②♣✐q✉❡ ❞❡ ❧❛ ❞ét❡❝t✐♦♥ ❞❡
♣♦✉ss✐èr❡ ♣rés❡♥té❡ à ❧❛ s❡❝t✐♦♥ ✻✳✸✳

▲❛ ✜❣✉r❡ ✻✳✺ r❡♣rés❡♥t❡ ✉♥ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ♠❡s✉ré ♣❛r ▲❋❘ s✉r
❙✴❲❆❱❊❙ ❞❛♥s ❧❡s tr♦✐s ❜❛♥❞❡s ❞❡ ❢réq✉❡♥❝❡s ✭✈♦✐r ❛♥♥❡①❡ ❆✳✸✳✷✮✳ ▲❡ s♣❡❝tr❡
❞❛♥s ❧❡s ❞❡✉① ♣r❡♠✐èr❡s ❜❛♥❞❡s ❡st ♣r♦❞✉✐t ♣❛r ❞❡s ✐♠♣❛❝ts ❞❡ ♣♦✉ss✐èr❡s✱
❛❧♦rs q✉❡ ❧❛ tr♦✐s✐è♠❡ ❜❛♥❞❡ ♠❡s✉r❡ ❧❡ ❜r✉✐t t❤❡r♠✐q✉❡ ❞✉ ♣❧❛s♠❛ ✭❝❢ ♣❛r✲
t✐❡ ■✮✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞❡ ♥✐✈❡❛✉ ❡♥tr❡ ❧❡s tr♦✐s ❜❛♥❞❡s ❡st ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛
❞✐✛ér❡♥❝❡ ❞❡ ❧❡✉r t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✸✳✷✮✳ ▲❛ ❜❛♥❞❡ ❆ ✭❞❡
✷✳✺ à ✶✵ ❦❍③✮ ❛②❛♥t ❧❡ ♣❧✉s ❣r❛♥❞ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥✱ ❧❡ ♥♦♠❜r❡ ❞✬✐♠♣❛❝ts



✻✽ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

❋✐❣✉r❡ ✻✳✺ ✕ ❊①❡♠♣❧❡ ❞❡ s♣❡❝tr❡ ❞❡ ♣✉✐ss❛♥❝❡ ❛✈❡❝ ✉♥❡ ❢♦r♠❡ ❞✬♦♥❞❡ t②♣✐q✉❡
✐♥séré❡✳ ▲❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s ❡♥ ♣♦✐♥t✐❧❧és s♦✉❧✐❣♥❡♥t ❧❡s tr♦✐s ❞✐✛ér❡♥t❡s ❜❛♥❞❡s
❞❡ ▲❋❘✳ ▲❡ s♣❡❝tr❡ ❞❛♥s ❧❡s ❞❡✉① ♣r❡♠✐èr❡s ❜❛♥❞❡s ❡st ♣r♦❞✉✐t ♣❛r ❞❡s ✐♠♣❛❝ts
❞❡ ♣♦✉ss✐èr❡s✱ ❛❧♦rs q✉❡ ❧❛ tr♦✐s✐è♠❡ ❜❛♥❞❡ ♠❡s✉r❡ ❧❡ ❜r✉✐t ❞✬✐♠♣❛❝t ✭❝❢ ♣❛rt✐❡
■✮✳ ❚✐ré❡ ❞❡ ▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳ ✭✷✵✵✾❜✮✳

❛②❛♥t ❧✐❡✉ ♣❡♥❞❛♥t ❝❡ t❡♠♣s ❡st s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t ♣♦✉r q✉❡ ❧❡ s✐❣♥❛❧
s♦✐t st❛t✐♦♥♥❛✐r❡✳

▲❛ ✜❣✉r❡ ✻✳✺ ♠♦♥tr❡ é❣❛❧❡♠❡♥t q✉❡ ❧❛ s♣❡❝tr❡ ♥❡ ✈❛r✐❡ ♣❛s ❡♥ f−4 s✉r
❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❜❛♥❞❡ ❆✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡ ♥♦✉s ♥❡ s♦♠♠❡s ♣❛s ❞❛♥s t♦✉t❡
❧❛ ❜❛♥❞❡ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❛ ❢réq✉❡♥❝❡ ❡st ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧✬✐♥✈❡rs❡ ❞❡ τr✱ ♣❡r✲
♠❡tt❛♥t ❛✐♥s✐ ❞❡ ❞ét❡r♠✐♥❡r ❧❡ t❡♠♣s ❞❡ ♠♦♥té❡ ♣❛r ❛♥❛❧②s❡ s♣❡❝tr♦s❝♦♣✐q✉❡✳

◆♦✉s ✉t✐❧✐s♦♥s ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ ▲❡✈❡♥❜❡r❣✲▼❛rq✉❛r❞t ♣♦✉r ❛❥✉st❡r ❧❡s
♠❡s✉r❡s ❞❡ ▲❋❘ ❡♥tr❡ ✷✳✺ ❡t ✶✵ ❦❍③ s✉r ❙❚❊❘❊❖ ❆ ❡t ❇ ❛✈❡❝ ❧❡ s♣❡❝tr❡ ❞❡
♣✉✐ss❛♥❝❡ t❤é♦r✐q✉❡ ❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ✻✳✷✳ ❉❛♥s ❝❡tt❡ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡✱
❧✬éq✉❛t✐♦♥ ✻✳✷ ✐♠♣❧✐q✉❡ q✉❡ s✐ τr ≤ 1.5× 10−5 s ❛❧♦rs ❧❡ s♣❡❝tr❡ ♠❡s✉ré ❞❛♥s
❧❛ ❜❛♥❞❡ ❆ ✈❛r✐❡ ❡♥ f−2✱ ❡t s✐ τr ≥ 6.5 × 10−5 s ❛❧♦rs ❧❛ ✈❛r✐❛t✐♦♥ s✉r ❝❡tt❡
♠ê♠❡ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❡st ❡♥ f−4✳ ❖r✱ ♥♦✉s ❛✈♦♥s ✈✉ à ❧❛ ♣❛rt✐❡ ■ q✉❡
❧❡ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ❛ ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ ❢réq✉❡♥❝❡ ❡♥ f−2✱ ❞✬♦ù ✉♥ r✐sq✉❡
❞❡ ❝♦♥❢✉s✐♦♥✳ P❛r ❝♦♥tr❡✱ ❧✬❛♠♣❧✐t✉❞❡ ❞✉ s✐❣♥❛❧✱ ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡ ♣♦✉r ❧❡
❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡✱ ♣❡r♠❡t ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❡s ♣♦✉ss✐èr❡s ❛②❛♥t ❧❡ ♣❧✉s ♣❡t✐t τr
✭s♦✐t ❧❡s ♣❧✉s ♣❡t✐t❡s ♣♦✉ss✐èr❡s✮ ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛♠❜✐❛♥t✳

▲❛ ✜❣✉r❡ ✻✳✻ ♠♦♥tr❡ ❞❡s ❡①❡♠♣❧❡s ❞✬❛❥✉st❡♠❡♥t ❛✈❡❝ ❧✬éq✉❛t✐♦♥ ✻✳✷ ❞❡ s♣❡❝✲
tr❡s ❞❡ ♣✉✐ss❛♥❝❡ ♠❡s✉ré ♣❛r ❙✴❲❆❱❊❙ ❞❛♥s ❧❛ ❜❛♥❞❡ ❆ ❧❡ ✷✶ ♦❝t♦❜r❡ ✷✵✵✾✳



✻✳✹✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❡t ❙❚❊❘❊❖ ✻✾

❋✐❣✉r❡ ✻✳✻ ✕ ❊①❡♠♣❧❡s ❞❡ s♣❡❝tr❡s ❞❡ ♣✉✐ss❛♥❝❡ ♠❡s✉rés ♣❛r ❙✴❲❆❱❊❙ ❞❛♥s
❧❛ ❜❛♥❞❡ ❆ ❧❡ ✷✶ ♦❝t♦❜r❡ ✷✵✵✾ ✭❞✐❛♠❛♥ts ♥♦✐rs✮ ❡t ❛❥✉stés ❛✈❡❝ ✉♥ s♣❡❝tr❡
t❤é♦r✐q✉❡ ✭❧✐❣♥❡ ❝♦♥t✐♥✉❡✮✳ ▲❡s ❞❡✉① s♣❡❝tr❡s s✉♣ér✐❡✉rs ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s
✐♠♣❛❝ts ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s✳ ▲❡s ✈❛❧❡✉rs ❞❡ τr ❡t ❞❡ < NδV 2/τ 2 >1/2 s♦♥t
✐♥❞✐q✉é❡s s✉r ❧❡s ✜❣✉r❡s✱ ❛✐♥s✐ q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❝♦rr❡s♣♦♥❞❛♥t
à ❧✬✐♥✈❡rs❡ ❞✉ t❡♠♣s ❞❡ ♠♦♥té❡✳ ▲❡s ❞❡✉① s♣❡❝tr❡s ✐♥❢ér✐❡✉rs s♦♥t ❞❡s s♣❡❝tr❡s
t②♣✐q✉❡s ❞✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ❞û à ❧✬é♠✐ss✐♦♥ ❞❡ ♣❤♦t♦é❧❡❝tr♦♥s ❛✉① é❧❡❝tr♦♥s
❞✉ ♣❧❛s♠❛ ❛♠❜✐❛♥t✳



✼✵ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

Tau (dust) STEREO A (mean= 41 µs)

-5.0•10-5 0 5.0•10-5 1.0•10-4 1.5•10-4

τ(s)

0

2.0•104

4.0•104

6.0•104

8.0•104

1.0•105

1.2•105
Tau (dust) STEREO B (mean= 39 µs)

-5.0•10-5 0 5.0•10-5 1.0•10-4 1.5•10-4

τ(s)

0

5.0•103

1.0•104

1.5•104

❋✐❣✉r❡ ✻✳✼ ✕ ❍✐st♦❣r❛♠♠❡s ❞✉ t❡♠♣s ❞❡ ♠♦♥té❡ τr ♣♦✉r ❧❡s ✐♠♣❛❝ts ❞❡
♣♦✉ss✐èr❡s s✉r ❙❚❊❘❊❖ ❆ ✭❞r♦✐t❡✮ ❡t ❇ ✭❣❛✉❝❤❡✮ ♠❡s✉rés ♣❛r ❧❡ ré❝❡♣t❡✉r
▲❋❘ ❞❡ ✷✵✵✼ à ✷✵✵✾✳

▲❡s ❞❡✉① ♣❡❝tr❡s s✉♣ér✐❡✉rs ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ✐♠♣❛❝ts ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s✳
▲❡s ✈❛❧❡✉rs ❞❡ τr ❡t ❞❡ < NδV 2/τ 2 >1/2 s♦♥t ✐♥❞✐q✉é❡s s✉r ❧❡s ✜❣✉r❡s✱ ❛✐♥s✐
q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬✐♥✈❡rs❡ ❞✉ t❡♠♣s ❞❡ ♠♦♥té❡✳
▲❡s ❞❡✉① s♣❡❝tr❡s ✐♥❢ér✐❡✉rs s♦♥t ❞✉s ❛✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ❞❡s é❧❡❝t♦♥s ❞✉
♣❧❛s♠❛ ❛♠❜✐❛♥t✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ♠❡s✉ré ❛♣♣❛r❛ît ❝❧❛✐r❡♠❡♥t
❡♥tr❡ ❧❡s ❡①❡♠♣❧❡s s✉♣ér✐❡✉rs ❡t ✐♥❢ér✐❡✉rs ❞❡ ❧❛ ✜❣✉r❡ ✻✳✻✳

▲❛ ✜❣✉r❡ ✻✳✼ r❡♣rés❡♥t❡ ❧❡s ❤✐st♦❣r❛♠♠❡s ❞✉ t❡♠♣s ❞❡ ♠♦♥té❡ τr ♣♦✉r
❧❡s ✐♠♣❛❝ts ❞❡ ♣♦✉ss✐èr❡s s✉r ❙❚❊❘❊❖ ❆ ✭❞r♦✐t❡✮ ❡t ❇ ✭❣❛✉❝❤❡✮ ♠❡s✉rés
♣❛r ❧❡ ré❝❡♣t❡✉r ▲❋❘ ❞❡ ✷✵✵✼ à ✷✵✵✾✳ ❖♥ ♣❡✉t ✈♦✐r s✉r ❝❡tt❡ ✜❣✉r❡ q✉❡ ❧❡s
❞✐str✐❜✉t✐♦♥s ❞❡ τr ♠❡s✉ré❡s ♣❛r ❧❡s ❞❡✉① s❛t❡❧❧✐t❡s s♦♥t s✐♠✐❧❛✐r❡s✱ ❛✈❡❝ ✉♥❡
♠♦②❡♥♥❡ ❞❡ 41 ± 9µs ♣♦✉r ❙❚❊❘❊❖ ❆ ❡t ❞❡ 39 ± 15µs ♣♦✉r ❙❚❊❘❊❖ ❇✱
❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ♣♦✉ss✐èr❡s ❞❡ ♠❛ss❡ m ≈ 10−20 ❦❣ à ✶ ❯❆✳ ❈❡♣❡♥❞❛♥t✱
❞✐① ❢♦✐s ♠♦✐♥s ❞❡ s♣❡❝tr❡s ♣rés❡♥t❛♥t ❞❡s ✐♠♣❛❝ts ❞❡ ♣♦✉ss✐èr❡s s♦♥t ❞ét❡❝tés
s✉r ❙❚❊❘❊❖ ❇ ❝♦♠♣❛ré à ❙❚❊❘❊❖ ❆✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t
❞✉❡ à ❧✬❛s②♠étr✐❡ s♣❛t✐❛❧❡ ❞❡s ❞❡✉① s❛t❡❧❧✐t❡s✱ ❧✬❛♥t❡♥♥❡ EX s❡ tr♦✉✈❛♥t ❞❛♥s
✉♥❡ ♣♦s✐t✐♦♥ ❢❛✈♦r✐sé❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❙❚❊❘❊❖ ❆✱ ❝♦♠♠❡ ✐♥tr♦❞✉✐t❡ ❞❛♥s ❧❛
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s❡❝t✐♦♥ ✻✳✸✳✷✱ ❝❡ q✉✐ ♥✬❡st ♣❛s ❧❡ ❝❛s ♣♦✉r ❙❚❊❘❊❖ ❇ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱
✷✵✵✾❜✮✳

▲✬éq✉❛t✐♦♥ ✻✳✷ ✐♠♣❧✐q✉❡ q✉❡ ❧❡ t❡♠♣s ❞❡ ♠♦♥té❡ ♠❡s✉ré ❡st ♠♦②❡♥♥é s✉r
❝❤❛q✉❡ ✐♠♣❛❝t ✐♥❞✐✈✐❞✉❡❧ ❞ét❡❝té ♣❡♥❞❛♥t ❧❡ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ❞✉ ré❝❡♣t❡✉r✳
❆✉tr❡♠❡♥t ❞✐t✱ ❧❛ ✈❛❧❡✉r ❡st ✐♥té❣ré❡ s✉r ❧❛ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s ✐♥❝✐❞❡♥t❡s✱
❛✈❡❝ ✉♥ ♣♦✐❞s q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡✳

❊♥ ♣❧✉s ❞✉ t❡♠♣s ❞❡ ♠♦♥té❡✱ ❧✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❞❡ ♣✉✐ss❛♥❝❡ ♣❡r♠❡t
❞✬❡st✐♠❡r ❧❡ ✢✉① ❝✉♠✉❧❛t✐❢ ❞❡ ♣❛rt✐❝✉❧❡s ❞❡ ♣♦✉ss✐èr❡s✱ ❞♦♥t ♥♦✉s s✉♣♣♦s♦♥s
q✉❡ ❧❛ ✈❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ♠❛ss❡ ❡st ❞♦♥♥é❡ ♣❛r ✿

F = F0m
−δ ✭✻✳✺✮

❛✈❡❝ δ = 5/6 ♣♦✉r ✉♥ éq✉✐❧✐❜r❡ ❝♦❧❧✐s✐♦♥♥❡❧ ❧♦❝❛❧✳ ▲❛ ✈❛❧❡✉r ❞❡ F0 ♣❡✉t êtr❡
é✈❛❧✉é❡ ♣❛r ❧✬éq✉❛t✐♦♥ s✉✐✈❛♥t❡ ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮ ✿

< NδV 2/τ 2 >1/2 ≈ 0.6× 1011T❡❱Vexp(❦♠✳s−1)F
1/2
0 m

−1/12

min(10−20❦❣) ✭✻✳✻✮

❛✈❡❝ T ❡①♣r✐♠é ❡♥ ❡❱✱ Vexp ❧❛ ✈✐t❡ss❡ ❞✬❡①♣❛♥s✐♦♥ ❞✉ ♥✉❛❣❡ ❡♥ ❦♠✳s−1 ❡t mmin

❧❛ ♠❛ss❡ ♠✐♥✐♠❛❧❡ ❞❡s ♣♦✉ss✐èr❡s ❝♦♥s✐❞éré❡s ❡①♣r✐♠é❡ ❡♥ ✉♥✐té ❞❡ 10−20 ❦❣✳
▲❛ ✜❣✉r❡ ✻✳✽ ❞♦♥♥❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡ < NδV 2/τ 2 >1/2 ♠❡s✉ré ❧♦rs ❞✬✐♠✲
♣❛❝t ❞❡ ♣♦✉ss✐èr❡s s✉r ❙❚❊❘❊❖ ❆ ❡♥tr❡ ✷✵✵✼ ❡t ✷✵✵✾✳ ▲❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡
< NδV 2/τ 2 >1/2 s✉r ❝❡tt❡ ♣ér✐♦❞❡ ❡st ❞✬❡♥✈✐r♦♥ 1.5 × 104 ✈♦❧ts✳s−3/2✱ ❛✈❡❝
✉♥ é❝❛rt✲t②♣❡ ❞❡ 7 × 103 ✈♦❧ts✳s−3/2✳ ❆✈❡❝ T ❝♦♠♣r✐s❡ ❡♥tr❡ ✶ ❡t ✺ ❡❱ ❡t Vexp
❡♥tr❡ ✷✵ ❡t ✺✵ ❦♠✳s−1 ✭▼❡②❡r✲❱❡r♥❡t ❡t ❛❧✳✱ ✷✵✵✾❜✮✱ ♥♦✉s ♦❜t❡♥♦♥s ✉♥ ✢✉① ❞❡
♥❛♥♦♣❛rt✐❝✉❧❡s ❞❡ ♠❛ss❡ s✉♣ér✐❡✉r❡ ♦✉ é❣❛❧❡ à 10−20 ❦❣ ❝♦♠♣r✐s ❛♣♣r♦①✐♠❛✲
t✐✈❡♠❡♥t ❡♥tr❡ 2.2 × 10−2 ❡t 3.4 ♠−2.s−1✱ ❝❡ q✉✐ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❛ ✈❛❧❡✉r
r❡♣♦rté❡ s✉r ❧❛ ✜❣✉r❡ ✻✳✶✳

✻✳✹✳✷ ❱❛r✐❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞✉ ♥♦♠❜r❡ ❞✬✐♠♣❛❝ts

▲❛ ✜❣✉r❡ ✻✳✾ ✭❡♥ ❤❛✉t✮ ♣rés❡♥t❡ ❧❛ ❞❡♥s✐té ❞❡ ♣✉✐ss❛♥❝❡ ♥♦r♠❛❧✐sé❡ ❡♥ f 4

♠❡s✉ré❡ ♣❛r ❧❡ ré❝❡♣t❡✉r ❜❛ss❡ ❢réq✉❡♥❝❡ ✭▲❋❘✮ s✉r ❧❛ ❜❛♥❞❡ ❆ q✉✐ ✈❛r✐❡ q✉❛❧✲
✐t❛t✐✈❡♠❡♥t ❝♦♠♠❡ ❧❡ ✢✉① ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s ❞ét❡❝té❡s ❡♥tr❡ ✷✵✵✼ ❡t ✷✵✵✾✳
▲♦rsq✉❡ ❧❡ ♥✐✈❡❛✉ ❞❡ ♣✉✐ss❛♥❝❡ ❡st é❧❡✈é✱ ❧✬✐♥str✉♠❡♥t ❛ ❞ét❡❝té ❞❡s ✐♠♣❛❝ts
❞❡ ♣♦✉ss✐èr❡s✱ ❡t ❧♦rsq✉❡ ❝❡❧✉✐✲❝✐ ❡st ❢❛✐❜❧❡✱ ✐❧ s✬❛❣✐t ❞✉ ❜r✉✐t ❞❡ ❣r❡♥❛✐❧❧❡ ❞✉
♣❧❛s♠❛✳ ❙✉r ❧❛ ♠ê♠❡ é❝❤❡❧❧❡✱ ❧❡ ✢✉① ❞❡ ♣♦✉ss✐èr❡s ❞♦♥♥é ♣❛r ❧✬✐♥str✉♠❡♥t
❞ét❡❝t❛♥t ❧❡s ❢♦r♠❡s ❞✬♦♥❞❡s ✭❚❉❙✮ ❡st r❡♣rés❡♥té ♣❛r ❧❡s ♣♦✐♥ts r♦✉❣❡s✱ ❧❛
❝♦✉r❜❡ ❞✉ ❜❛s r❡♣rés❡♥t❛♥t ❧❡s ❞♦♥♥é❡s ❞❡ ❚❉❙ s❛♥s ❢❛❝t❡✉r ❞✬é❝❤❡❧❧❡s✳ ▲❛
❞✐✛ér❡♥❝❡ ❡♥tr❡ ❝❡s ❞❡✉① ✐♥str✉♠❡♥ts ❡st q✉❡ ▲❋❘ ♠❡s✉r❡ ✉♥❡ ♠♦②❡♥♥❡ s✉r
❧❡s ♣♦✉ss✐èr❡s ❛✈❡❝ ✉♥❡ ❡①❝❡❧❧❡♥t❡ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡✱ ❛❧♦rs q✉❡ ❚❉❙ ♠❡s✉r❡
❞✐r❡❝t❡♠❡♥t ❧❡ ✢✉① ♠❛✐s ❛✈❡❝ ✉♥❡ ♠❛✉✈❛✐s❡ rés♦❧✉t✐♦♥ ❡♥ t❡♠♣s ❡t ❞❡s ♣r♦❜✲
❧è♠❡s ❞❡ sé❧❡❝t✐♦♥ ❞❡s ❞♦♥♥é❡s ✭✈♦✐r ❛♥♥❡①❡ ❆✳✸✳✷✮✳ ❖♥ ♦❜s❡r✈❡ ❛✐♥s✐ q✉❡ ❧❡



✼✷ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

<NδV2 /τ2 >1/2   (dust) STEREO A

0 1•104 2•104 3•104 4•104 5•104

<NδV2 /τ2 >1/2   (volts.s-3/2   )

0

2•104

4•104

6•104

8•104

❋✐❣✉r❡ ✻✳✽ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡ < NδV 2/τ 2 >1/2 ♠❡s✉ré ❧♦rs ❞✬✐♠♣❛❝t
❞❡ ♣♦✉ss✐èr❡s s✉r ❙❚❊❘❊❖ ❆ ❡♥tr❡ ✷✵✵✼ ❡t ✷✵✵✾✳ ▲❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡
< NδV 2/τ 2 >1/2 s✉r ❝❡tt❡ ♣ér✐♦❞❡ ❡st ❞✬❡♥✈✐r♦♥ 1.5 × 104 ✈♦❧ts✳s−3/2✱ ❛✈❡❝ ✉♥
é❝❛rt✲t②♣❡ ❞❡ 7 × 103 ✈♦❧ts✳s−3/2✳

✢✉① ❞❡ ♣❛rt✐❝✉❧❡s ❞ét❡❝té s✉r ❙❚❊❘❊❖ ❆ ♥✬❡st ♣❛s ❝♦♥st❛♥t ❞❛♥s ❧❡ t❡♠♣s✱
♠❛✐s s♣♦r❛❞✐q✉❡✳ ▲❛ ❝♦rr❡s♣♦♥❞❛♥❝❡ ❞❡s ♣ér✐♦❞❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ♥❛♥♦♣❛r✲
t✐❝✉❧❡s ♣❛r ❧❡s ❞❡✉① ✐♥str✉♠❡♥ts ✐♠♣❧✐q✉❡ q✉❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❛♥s ❧❡ ♥♦♠❜r❡ ❞❡
❞ét❡❝t✐♦♥ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ♥✬❡st ♣❛s ✉♥ ❡✛❡t ✐♥str✉♠❡♥t❛❧ ♠❛✐s ✉♥❡ ✈❛r✐❛t✐♦♥
❞❛♥s ❧❡ ♥♦♠❜r❡ ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❙❚❊❘❊❖ ❆✱ ❡t ❙❚❊❘❊❖
❇✱ ♦ù ❧❡ ♠ê♠❡ ♣❤é♥♦♠è♥❡ ❡st ♦❜s❡r✈é✳

❙✐ ❧❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❞ét❡❝té❡s ♣❛r ❙❚❊❘❊❖ ♦♥t ♣♦✉r ♣r✐♥❝✐♣❛❧❡ ♦r✐❣✐♥❡
❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❞❡s ❣r❛✐♥s ❞❡ t❛✐❧❧❡s s✉♣ér✐❡✉r❡s✱ ❞❡ t❡❧❧❡s ✈❛r✐❛t✐♦♥s ❞✉ ✢✉①
❞❡ ♣❛rt✐❝✉❧❡s s♦♥t ✐♥❛tt❡♥❞✉❡s ✭❈③❡❝❤♦✇s❦✐ ❡t ▼❛♥♥✱ ✷✵✶✵✮✳ ◆é❛♥♠♦✐♥s✱ ❧❡s
♠♦❞è❧❡s ❞②♥❛♠✐q✉❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ♠♦♥tr❡♥t q✉❡ s✐ ❧❡s
♥❛♥♦♣❛rt✐❝✉❧❡s s♦♥t ❝réé❡s s✉r ❞❡s ♦r❜✐t❡s ❑é♣❧ér✐❡♥♥❡s✱ ❛❧♦rs ✉♥❡ ♠❛❥♦r✐té ❞❡
❝❡❧❧❡s✲❝✐ ♣♦✉rr❛✐t êtr❡ ♣✐é❣é❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ❙♦❧❡✐❧✱ ❡♥ ❞❡ss♦✉s ❞❡ ✵✳✷ ❯❆✳
❉❛♥s ✉♥ t❡❧ ❝❛s✱ ✉♥❡ ✈❛r✐❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♣❧❛s♠❛ à ❝❡tt❡ ❞✐st❛♥❝❡✱
❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ✉♥❡ ③♦♥❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ✈❡♥t ❧❡♥t ❡t ❧❡ ✈❡♥t r❛♣✐❞❡✱
♣❡r♠❡ttr❛✐t ❞❡ ❧✐❜ér❡r ✉♥❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s✱ ♣r♦❞✉✐s❛♥t ❧❡s
♣✐❝s ❞❡ ✢✉① ♦❜s❡r✈és ♣❛r ❙❚❊❘❊❖ ✭❈③❡❝❤♦✇s❦✐ ❡t ▼❛♥♥✱ ✷✵✶✵✮✳

❯♥❡ ❝♦♥✜r♠❛t✐♦♥ ❞❡ ❝❡tt❡ ❤②♣♦t❤ès❡ s❡r❛✐t ❧✬❡①✐st❡♥❝❡ ❞❡ ❝♦rré❧❛t✐♦♥s ❡♥tr❡
❧❡s ♣❛r❛♠ètr❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡ ✢✉① ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡
t❡❧❧❡ r❡❝❤❡r❝❤❡ ♥✬❡st ♣❛s é✈✐❞❡♥t❡✱ ❝❛r s✐ ❧❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ♣r♦✈✐❡♥♥❡♥t ❞✬✉♥❡
ré❣✐♦♥ ❡♥ ❞❡ss♦✉s ❞❡ ✵✳✷ ❯❆ ♣❛r r❛♣♣♦rt ❛✉ ❙♦❧❡✐❧✱ ❧❡ ♣❧❛s♠❛ ♦❜s❡r✈é ❧♦rs ❞❡s



✻✳✹✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s ❡t ❙❚❊❘❊❖ ✼✸

❋✐❣✉r❡ ✻✳✾ ✕ ❍❛✉t ✿ ❞❡♥s✐té ❞❡ ♣✉✐ss❛♥❝❡ ♥♦r♠❛❧✐sé ❡♥ f 4 ♠❡s✉ré❡ ♣❛r ❧❡ ré❝❡♣✲
t❡✉r ❜❛ss❡ ❢réq✉❡♥❝❡ ✭▲❋❘✮ s✉r ❧❛ ❜❛♥❞❡ ❆ ✭♣♦✐♥ts ❡♥ ♥♦✐r✮ ❡t ✢✉① ❞❡ ♣♦✉ss✐èr❡s
❞♦♥♥é ♣❛r ❚❉❙ ✭♣♦✐♥ts ❡♥ r♦✉❣❡✮ ♠✐s s✉r ❧❛ ♠ê♠❡ é❝❤❡❧❧❡ ✭❢❛❝t❡✉r5× 10−11✮
❡♥tr❡ ✷✵✵✼ ❡t ✷✵✵✾ s✉r ❙❚❊❘❊❖ ❆✳ ❇❛s ✿ ✢✉① ✭✐♠♣❛❝t✴s❡❝✮ ♠❡s✉ré ♣❛r ❚❉❙
❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s s❛♥s ❢❛❝t❡✉r ❞✬é❝❤❡❧❧❡✳ ❚✐ré❡ ❞❡ ❩❛✈❧❛s❦② ❡t ❛❧✳ ✭✷✵✶✵✱ ❡♥
♣ré♣❛r❛t✐♦♥✮✳



✼✹ ❈❤❛♣✐tr❡ ✻✳ ▲❡s ♥❛♥♦ ♣♦✉ss✐èr❡s

✐♠♣❛❝ts ❞❡ ❝❡s ♣♦✉ss✐èr❡s ♥✬❡st ♣❛s ❝❡❧✉✐ à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❡✉r ❧✐❜ér❛t✐♦♥✳ ❆ ❧✬❤❡✉r❡
❛❝t✉❡❧❧❡✱ ❛✉❝✉♥❡ ❝♦rré❧❛t✐♦♥ é✈✐❞❡♥t❡ ♥✬❛ été ♦❜s❡r✈é❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ③♦♥❡s ❞❡
tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ♦♥❞❡s ♣❧❛s♠❛s ♦✉ ❧❡s ♣❛r❛♠ètr❡s ❧♦❝❛✉① ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡t
❧❛ ❞ét❡❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡s s✉r ❧❡s s♣❡❝tr❡s ❞❡ ▲❋❘✳

✻✳✺ ❈♦♥❝❧✉s✐♦♥

▲❛ ❞ét❡❝t✐♦♥ ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s r❛♣✐❞❡s ❛❝❝é❧éré❡s ♣❛r ❧❡ ✈❡♥t s♦❧❛✐r❡ à
✶ ❯❆ ♣❛r ❧✬✐♥str✉♠❡♥t ❙✴❲❆❱❊❙ s✉r ❧❡s s♦♥❞❡s ❙❚❊❘❊❖ ❝♦♥✜r♠❡ ❧✬❡①✐s✲
t❡♥❝❡ ❞✬✉♥❡ t❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ ❞❛♥s ❧❡ s②stè♠❡ s♦❧❛✐r❡ ✐♥t❡r♥❡✱ q✉✐ ❛✈❛✐t été ♣r♦✲
♣♦sé t❤é♦r✐q✉❡♠❡♥t s❛♥s êtr❡ ❞ét❡❝té❡ ♣❛r ❧❡s ♠ét❤♦❞❡s ❝❧❛ss✐q✉❡s✳ ◆é❛♥♠♦✐♥s✱
❧✬✐♥str✉♠❡♥t ♥✬ét❛♥t ♣❛s ♣ré✈✉ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s✱ ❧❡s rés✉❧t❛ts
♣rés❡♥tés ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ s♦♥t ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t ❞❡ ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡
♠♦❞è❧❡ ❡①✐st❛♥t ♣♦✉r ❞❡ ♣❧✉s ❣r♦ss❡s ♣♦✉ss✐èr❡s✱ ♠❛✐s ❧✬❛❝❝♦r❞ ❞❡s ♠❡s✉r❡s
❡♥tr❡ ❧❡s ✐♥str✉♠❡♥ts ❚❉❙ ❡t ▲❋❘✱ q✉✐ ❢♦♥❝t✐♦♥♥❡♥t ✐♥❞é♣❡♥❞❛♠♠❡♥t✱ r❡♥❞
❧❛ ♣♦ss✐❜✐❧✐té ❞✬✉♥ ❡✛❡t ♣✉r❡♠❡♥t ✐♥str✉♠❡♥t❛❧ très ♣❡✉ ♣r♦❜❛❜❧❡✳

❊♥ ❞ét❡r♠✐♥❛♥t ❧❡ ✢✉① ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s à ✶ ❯❆✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❡s ♥❛♥♦
♣♦✉ss✐èr❡s s♦✐❡♥t ♣r♦❞✉✐t❡s ♣❛r ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❞❡ ♣❧✉s ❣r♦ss❡s ♣❛rt✐❝✉❧❡s
❧♦rs ❞❡ ❝♦❧❧✐s✐♦♥s✳ ❯♥ t❡❧ ♣r♦❝❡ss✉s ♥✬✐♠♣❧✐q✉❡ ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t ❧❡s ✈❛r✐❛✲
t✐♦♥s t❡♠♣♦r❡❧❧❡s ❞✉ ✢✉① ♦❜s❡r✈é❡s s✉r ❙❚❊❘❊❖✳ ❈❡❧❧❡s✲❝✐ ♣♦✉rr❛✐❡♥t êtr❡
❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ✈❛r✐❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ✭❞✉
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♦✉ ❞✉ ✈❡♥t s♦❧❛✐r❡✮ ♣❡r♠❡tt❛♥t ❧❛ ❧✐❜ér❛t✐♦♥ s♣♦r❛❞✐q✉❡
❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ♣✐é❣é❡s ♣rès ❞✉ ❙♦❧❡✐❧✳ ▲❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❝♦rré❧❛t✐♦♥s ❡♥tr❡
❧❡s ♣❛r❛♠ètr❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡ ✢✉① ❞❡ ♥❛♥♦ ♣♦✉ss✐èr❡s ♣❡r♠❡ttr❛✐t ❞❡
✈❛❧✐❞❡r ❝❡tt❡ ❤②♣♦t❤ès❡✳ ❉✬❛✉tr❡s s♦✉r❝❡s s♣♦r❛❞✐q✉❡s✱ ❝♦♠ét❛✐r❡s ♦✉ ♣❧❛♥é✲
t❛✐r❡s✱ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t êtr❡ à ❧✬÷✉✈r❡✳



❈❤❛♣✐tr❡ ✼

▲❡s ✧■♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝
❋✐❡❧❞ ❊♥❤❛♥❝❡♠❡♥ts✧ ✭■❋❊✮

❙♦♠♠❛✐r❡
✼✳✶ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡s tr❛î♥é❡s ❞❡

♣♦✉ss✐èr❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✼✳✷ ▲❡s ■❋❊ ✈✉❡s ♣❛r ❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✼✳✷✳✶ ➱✈♦❧✉t✐♦♥ ❞✉ ♣❧❛s♠❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✼✳✷✳✷ ▲✬é✈è♥❡♠❡♥t ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✼✳✸ ❈♦♥❝❧✉s✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✼✳✶ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡s
tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s

▲❡s ✧✐♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝ ✜❡❧❞ ❡♥❤❛♥❝❡♠❡♥ts✧✱ q✉❡ ♥♦✉s ♥♦♠♠❡r♦♥s
❡♥ ✉t✐❧✐s❛♥t ❧✬❛❝r♦♥②♠❡ ■❋❊ à ♣❛rt✐r ❞❡ ♠❛✐♥t❡♥❛♥t✱ s♦♥t ❞❡s ❛✉❣♠❡♥t❛t✐♦♥s ❧♦✲
❝❛❧❡s ❡t s②♠étr✐q✉❡s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡✳ ❊❧❧❡s s♦♥t s♦✉✈❡♥t
❛❝❝♦♠♣❛❣♥é❡s ❞✬✉♥❡ ❞✐s❝♦♥t✐♥✉✐té ❞❛♥s ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❛
♣r❡♠✐èr❡ ♦❜s❡r✈❛t✐♦♥ ❞✬✉♥ t❡❧ ♣❤é♥♦♠è♥❡ ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ ❢✉t ❢❛✐t❡ ❞❛♥s
❧❡ ✈♦✐s✐♥❛❣❡ ❞❡ ❱é♥✉s ✭❘✉ss❡❧❧ ❡t ❛❧✳✱ ✶✾✽✸✮✳ ▲❡s ■❋❊ ❢✉r❡♥t ❡♥s✉✐t❡ ♦❜s❡r✈é❡s
❞❛♥s t♦✉t❡ ❧✬❤é❧✐♦s♣❤èr❡ ✿ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❱é♥✉s ✭❘✉ss❡❧❧ ❡t ❛❧✳✱ ✶✾✽✸✱ ❘✉ss❡❧❧✱
✶✾✽✼✮ ❡t ❞❡ ❧❛ ❚❡rr❡ ✭❆r❣❤❛✈❛♥✐ ❡t ❛❧✳✱ ✶✾✽✺✮✱ ❛✐♥s✐ q✉✬à t♦✉t❡s ❧❡s ❧❛t✐t✉❞❡s
✭❏♦♥❡s ❡t ❛❧✳✱ ✷✵✵✷✱ ✷✵✵✸✮✳ ■❧ ❢✉t s✉❣❣éré q✉❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ■❋❊ ❞ét❡❝té❡s
à t♦✉t❡s ❧❡s ❧❛t✐t✉❞❡s✱ ❝❡❧❧❡s✲❝✐ s♦✐❡♥t ❧❡ rés✉❧t❛t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ✈❡♥t
s♦❧❛✐r❡ ❡t ❧❡s tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s ❝♦♠ét❛✐r❡s ✭❏♦♥❡s ❡t ❛❧✳✱ ✷✵✵✸✮✳

▲❡s tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s s♦♥t ❝♦♠♣♦sé❡s ❞❡ ♣❛rt✐❝✉❧❡s ❞❡ t❛✐❧❧❡ ❝♦♠♣r✐s❡
❡♥tr❡ q✉❡❧q✉❡s ♠✐❧❧✐♠ètr❡s ❡t q✉❡❧q✉❡s ❝❡♥t✐♠ètr❡s é❥❡❝té❡s ♣❛r ✉♥❡ ❝♦♠èt❡✱ q✉✐
s✉✐✈❡♥t s♦♥ ♦r❜✐t❡ ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs ré✈♦❧✉t✐♦♥s ✭❝❛r ❡❧❧❡s s♦♥t ♣❡✉ s❡♥s✐❜❧❡s à
❧❛ ♣r❡ss✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t✮✱ ❡t ♦❜s❡r✈❛❜❧❡s ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡✱ ❡t ❞❛♥s ❝❡rt❛✐♥
❝❛s ❞❛♥s ❧❡ ✈✐s✐❜❧❡✳ ▲✬❛♥❛❧②s❡ ❞❡ ❝❡s é♠✐ss✐♦♥s ✭t❤❡r♠✐q✉❡ ♣♦✉r ❧✬✐♥❢r❛r♦✉❣❡✱
❡t ❞✐✛✉s✐♦♥ ❘❛②❧❡✐❣❤ ❞❛♥s ❧❡ ✈✐s✐❜❧❡✮ ♣❡r♠❡t ❞✬❡♥ ❞ét❡r♠✐♥❡r ❧❛ ❞✐str✐❜✉t✐♦♥



✼✻
❈❤❛♣✐tr❡ ✼✳ ▲❡s ✧■♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝ ❋✐❡❧❞ ❊♥❤❛♥❝❡♠❡♥ts✧

✭■❋❊✮

❋✐❣✉r❡ ✼✳✶ ✕ ▲♦❝❛❧✐s❛t✐♦♥s ❞❡s ■❋❊ ❧❡ ❧♦♥❣ ❞❡ ❧✬♦r❜✐t❡ ❞✬❯❧②ss❡ ♣❡♥❞❛♥t ❧❛
♣r❡♠✐èr❡ ✭❝❡r❝❧❡s✮ ❡t ❧❛ ❞❡✉①✐è♠❡ ✭❞✐sq✉❡s✮ ♦r❜✐t❡s ♣♦❧❛✐r❡s✳ ▲❛ ③♦♥❡ ❣r✐s❡
❝♦rr❡s♣♦♥❞ à ❧❛ ré❣✐♦♥ ❝♦✉✈❡rt❡ ✉♥❡ s❡✉❧❡ ❢♦✐s ♣❛r ❧❛ s♦♥❞❡ ❞✉r❛♥t ❧❛ ♣ér✐♦❞❡
ét✉❞✐é❡✳ ❚✐ré❡ ❞❡ ❏♦♥❡s ❡t ❛❧✳ ✭✷✵✵✸✮

❡♥ t❛✐❧❧❡ ❡t ❧❛ ❞❡♥s✐té✳ ❈❡s ♣❛r❛♠ètr❡s ♣❡r♠❡tt❡♥t ❞✬❡st✐♠❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s
tr❛î♥é❡s s✉r ❧❡ ✈❡♥t s♦❧❛✐r❡ ♣❛r ❧❛ ❝ré❛t✐♦♥ ❞❡ ❝❤❛r❣❡s ❧✐❜r❡s q✉✐ ♣♦✉rr❛✐❡♥t êtr❡
❛ss✐♠✐❧é❡s ♣❛r ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ♠♦❞✐✜❡r ❧♦❝❛❧❡♠❡♥t s❛ ✈✐t❡ss❡ ❡t s♦♥ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❛♣♣❛r❛ît q✉❡ ❧✬✐♥✢✉❡♥❝❡ ❛✐♥s✐ ♦❜t❡♥✉❡ ❡st tr♦♣ ❢❛✐❜❧❡
♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ■❋❊ ♦❜s❡r✈é❡s ✭▼❛♥♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳ P❛r ❝♦♥séq✉❡♥t✱ s♦✐t ❧❡s
♣❛r❛♠ètr❡s ❞❡s ♣♦✉ss✐èr❡s ❞❛♥s ❧❡s tr❛î♥é❡s s♦♥t s♦✉s✲❡st✐♠és✱ s♦✐t ❧❡ ♣r♦❝❡ss✉s
❞✬✐♥t❡r❛❝t✐♦♥ ❡st ♣❧✉s ❝♦♠♣❧❡①❡ q✉❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❝❤❛r❣❡s
❧✐❜r❡s✱ ♦✉ ❡♥❝♦r❡ ❧❡s ■❋❊ ♦❜s❡r✈é❡s ♣❛r ❏♦♥❡s ❡t ❛❧✳ ✭✷✵✵✸✮ ♥❡ s♦♥t ♣❛s t♦✉t❡s
❝réé❡s ♣❛r ❧❛ r❡♥❝♦♥tr❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡s✳

❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❡ss❛✐❡r♦♥s ❞❡ ❞✐st✐♥❣✉❡r ❧❡s s♦✉r❝❡s ♣♦s✲
s✐❜❧❡s ❞❡s ■❋❊ ♦❜s❡r✈é❡s ♣❛r ❧❛ s♦♥❞❡ ❯❧②ss❡ à t♦✉t❡s ❧❡s ❧❛t✐t✉❞❡s ✭❏♦♥❡s ❡t ❛❧✳✱
✷✵✵✸✮✳

✼✳✷ ▲❡s ■❋❊ ✈✉❡s ♣❛r ❯❧②ss❡

▲❛ ✜❣✉r❡ ✼✳✶ ♣rés❡♥t❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ✸✾ é✈è♥❡♠❡♥ts ♦❜s❡r✈és ❛✈❡❝ ❧❡s
♠❛❣♥ét♦♠ètr❡s ❞✬❯❧②ss❡ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✶✮ ✭❏♦♥❡s ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❖♥ ♦❜s❡r✈❡ s✉r
❝❡tt❡ ✜❣✉r❡ q✉❡ ❞❡s ■❋❊ s♦♥t ✈✐s✐❜❧❡s à t♦✉t❡s ❧❡s ❧❛t✐t✉❞❡s✱ ❡t q✉❡ ❝❡rt❛✐♥❡s



✼✳✷✳ ▲❡s ■❋❊ ✈✉❡s ♣❛r ❯❧②ss❡ ✼✼

ré❛♣♣❛r❛✐ss❡♥t ❞❛♥s ❧❛ ♠ê♠❡ ③♦♥❡ ❞❡ ❧✬❡s♣❛❝❡ ❡♥tr❡ ❧❛ ♣r❡♠✐èr❡ ❡t ❧❛ ❞❡✉①✐è♠❡
♦r❜✐t❡ ❞❡ ❧❛ s♦♥❞❡✳ ▲❛ ♣rés❡♥❝❡ ❞✬é✈è♥❡♠❡♥ts à t♦✉t❡s ❧❡s ❧❛t✐t✉❞❡s ✐♠♣❧✐q✉❡
q✉❡ t♦✉t❡s ❧❡s ■❋❊ ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉
✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ✉♥ ❛stér♦ï❞❡✱ ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r ❧❡s ■❋❊ ♦❜s❡r✈é❡s
❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❱é♥✉s ✭❘✉ss❡❧❧✱ ✶✾✽✼✮✳ ❉❡ ♠ê♠❡✱ ❧❛ ré❛♣♣❛r✐t✐♦♥ ❞✬■❋❊ ❛✉①
♠ê♠❡s ❡♥❞r♦✐ts ♣♦✉r ❧❡s ❞❡✉① ♦r❜✐t❡s ❞✬❯❧②ss❡ ♥é❝❡ss✐t❡ ✉♥❡ ❝❡rt❛✐♥❡ st❛❜✐❧✐té
❞❡ ❧✬♦r✐❣✐♥❡ ❞❡s é✈è♥❡♠❡♥ts✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧✬❤②♣♦t❤ès❡
❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ❞❡s tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s ❝♦♠ét❛✐r❡s
❛✈❛♥❝é❡s ♣❛r ❏♦♥❡s ❡t ❛❧✳ ✭✷✵✵✸✮✳ ◆é❛♥♠♦✐♥s✱ ✐❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ q✉❡
♣❧✉s✐❡✉rs ♦❜❥❡ts ✐♥t❡r♣❧❛♥ét❛✐r❡s s♦✐❡♥t r❡s♣♦♥s❛❜❧❡s ❞❡s ■❋❊ r❡♥❝♦♥tré❡s ♣❛r
❯❧②ss❡✱ ♦✉ q✉❡ ❝❡rt❛✐♥❡s s♦✐❡♥t ❞❡s r❡♥❝♦♥tr❡s ❧♦✐♥t❛✐♥❡s ❞❡ q✉❡✉❡s ❞❡ ♣❧❛s♠❛
❝♦♠ét❛✐r❡s✳

◆♦✉s ♥♦✉s ♣r♦♣♦s♦♥s ✐❝✐ ❞✬ét✉❞✐❡r ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❧❛s♠❛ r❡♥❝♦♥tré ♣❛r
❯❧②ss❡ ♣❡♥❞❛♥t ❧❡s ■❋❊ ❛✜♥ ❞❡ ❞ét❡❝t❡r ❞✬é✈❡♥t✉❡❧❧❡s tr❛❝❡s ❞❡ s✉r♣♦♣✉❧❛t✐♦♥s
❞✬✐♦♥s✳ ▲❡s ✐♦♥s ❛✐♥s✐ ❞ét❡❝tés✱ s✬✐❧ ❡①✐st❡♥t✱ ♣❡✉✈❡♥t ♥♦✉s r❡♥s❡✐❣♥❡r s✉r ❧❛
♥❛t✉r❡ ❞❡ ❧✬♦❜❥❡ts à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬é✈è♥❡♠❡♥t✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ✉t✐❧✐s♦♥s ❧❡s
❞♦♥♥é❡s ❞❡ ❧✬✐♥str✉♠❡♥t ❙❲■❈❙ à ❜♦r❞ ❞✬❯❧②ss❡ ✭✈♦✐r ❛♥♥❡①❡ ❆✳✶✮✳

✼✳✷✳✶ ➱✈♦❧✉t✐♦♥ ❞✉ ♣❧❛s♠❛

▲❛ ✜❣✉r❡ ✼✳✷ ♣rés❡♥t❡ ❧❛ ❞❡♥s✐té ❡♥ He2+ ♠❡s✉ré❡ ♣❛r ❙❲❖❖P❙ ❡t ♣❛r
❙❲■❈❙ ❧♦rs ❞❡ ❧✬■❋❊ ❞✉ ✶✼ ♥♦✈❡♠❜r❡ ✶✾✾✺✳ ▲❛ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❙❲■❈❙
✭✶✸ ♠✐♥✉t❡s✮ ❛tté♥✉❡ ❢♦rt❡♠❡♥t ❧❡s ✈❛r✐❛t✐♦♥s t❡♠♣♦r❡❧❧❡s ❞❡s ❝♦♠♣♦s✐t✐♦♥s
✭✈✐s✐❜❧❡ s✉r ❧❡s ❞♦♥♥é❡s ❞❡ ❙❲❖❖P❙✱ ♦ù ❧❛ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❡st ❞✬✉♥❡
♠✐♥✉t❡✮✱ ❡t ❝❡ ♠ê♠❡ ♣♦✉r ❧❡s ♣❧✉s ❧♦♥❣ ❞✬❡♥tr❡ ❡✉①✳ P❛r ❝♦♥séq✉❡♥t✱ ♥♦✉s ♥❡
♣♦✉✈♦♥s r❡❝❤❡r❝❤❡r q✉❡ ❞❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❡♥tr❡ ❧✬✐♥tér✐❡✉r ❞✬✉♥❡
■❋❊ ❡t ❧❡ ♣❧❛s♠❛ ❛✈❛♥t ❡t ❛♣rès✳

❙✉r ❧❡s ✷✺ é✈è♥❡♠❡♥ts ét✉❞✐és ✭❞♦♥t ❧❛ ❞✉ré❡ ❞é♣❛ss❡ ✉♥❡ ❤❡✉r❡✮✱ ✉♥ s❡✉❧
♣rés❡♥t❡ ✉♥❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❧❛s♠❛ ❡♥ ✐♦♥s
❧♦✉r❞s ✿ ❧✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸✳

✼✳✷✳✷ ▲✬é✈è♥❡♠❡♥t ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸

▲✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸ ❡st ✉♥ é✈è♥❡♠❡♥t ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧✬ét✉❞❡ ❞❡
❏♦♥❡s ❡t ❛❧✳ ✭✷✵✵✸✮✳ Pr❡♠✐èr❡♠❡♥t✱ ✐❧ ❡st ❧✬✉♥ ❞❡s ♣❧✉s ❧♦♥❣s ♦❜s❡r✈és ♣❛r ❯❧②ss❡✱
❛✈❡❝ ✉♥❡ ❞✉ré❡ ❞❡ ✶✵✳✺ ❤❡✉r❡s ✭✉♥❡ s❡✉❧❡ ■❋❊ ❡st ♣❧✉s ❧♦♥❣✉❡✮✳ ❉❡✉①✐è♠❡♠❡♥t✱
✉♥❡ ❛✉tr❡ ■❋❊ ❡st ♦❜s❡r✈é❡ à ❧❛ ♠ê♠❡ ♣♦s✐t✐♦♥ ❡♥ ✶✾✾✾ ❧♦rs ❞❡ ❧❛ s❡❝♦♥❞❡ ♦r❜✐t❡
❞✬❯❧②ss❡ ✭❏♦♥❡s ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❝❛r❛❝tér✐st✐q✉❡ ♣❧❛✐❞❡ ❡♥ ❢❛✈❡✉r
❞✬✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡s ❡♥ t❛♥t q✉✬♦❜❥❡t à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥
❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❡t ❝❡ ❛✜♥ ❞✬❛✈♦✐r ✉♥❡ s♦✉r❝❡ ✜①❡ ❞❛♥s ❧❡ t❡♠♣s✳
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❋✐❣✉r❡ ✼✳✷ ✕ ❉❡ ❍❛✉t ❡♥ ❜❛s ✿ ♠♦❞✉❧❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✭❡♥ ♥❚✮✱ ✈✐t❡ss❡
❞✉ ✈❡♥t s♦❧❛✐r❡ ✭❡♥ ❦♠✳s−1✮ ❡t ❞❡♥s✐té ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛ ✭He2+✮ ♠❡s✉rés ♣❛r
❙❲❖❖P❙ ✭❧✐❣♥❡ ❝♦♥t✐♥✉❡ ♥♦✐r❡✱ ❡♥ ❝♠−3✮ ❡t ♣❛r ❙❲■❈❙ ✭❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡ r♦✉❣❡✱
❡♥ ♥♦♠❜r❡ ❞❡ ❞ét❡❝t✐♦♥✮✳ ▲✬❛①❡ ❞❡s ❛❜❝✐ss❡s ❞♦♥♥❡ ❧❛ ❞✉ré❡ ❡♥ s❡❝♦♥❞❡ss ❞❡
❧✬■❋❊ ❞✉ ✶✼ ♥♦✈❡♠❜r❡ ✶✾✾✺✱ ❛✈❡❝ ♣♦✉r ♦r✐❣✐♥❡ ❧❡ ♣✐❝ ❞✬✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡✳

✐♦♥s ♣❡♥❞❛♥t ❧✬■❋❊ ❧♦♥❣ t❡r♠❡ ✺ ❥♦✉rs ❛✈❛♥t ✺ ❥♦✉rs ❛♣rès
Fe10+ − Fe16+ 4.1091̇0−6 1.4671̇0−5 5.8341̇0−6 7.4071̇0−6

Fe6+ − Fe9+ 1.4411̇0−5 1.9621̇0−6 9.8251̇0−7 1.1681̇0−6

Si9+ − Si12+ 6.8241̇0−6 1.9081̇0−5 7.4381̇0−6 9.6461̇0−6

Si7+ − Si8+ 3.8141̇0−6 4.6371̇0−6 2.3771̇0−6 3.3881̇0−6

Mg9+ − Mg10+ 2.9871̇0−6 7.7491̇0−6 4.7241̇0−6 6.1271̇0−6

Mg6+ − Mg8+ 8.6661̇0−6 7.3541̇0−6 4.7241̇0−6 5.4851̇0−6

O7+ − O8+ 1.2191̇0−5 4.1911̇0−6 3.6531̇0−6 4.6731̇0−6

O6+ 6.9361̇0−5 1.6171̇0−4 7.6401̇0−5 1.1151̇0−4

C6+ 5.6211̇0−6 1.1641̇0−5 7.8611̇0−6 8.9301̇0−6

C4+ − C5+ 3.2171̇0−5 8.5421̇0−5 5.3661̇0−5 7.1281̇0−5

❚❛❜❧❡ ✼✳✶ ✕ ❚❛❜❧❡ ❞❡ ❧❛ ❞❡♥s✐té ✭❡♥ ❝♠−3✮ ❞❡s ✐♦♥s ❧♦✉r❞s ♠❡s✉rés ♣❛r ❙❲■❈❙
♣❡♥❞❛♥t ❧✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡✱ ❡♥ ♠♦②❡♥♥❡ s✉r ✉♥❡ ❧♦♥❣✉❡ ♣ér✐♦❞❡✱ ✺ ❥♦✉rs
❛✈❛♥t ❡t ✺ ❥♦✉rs ❛♣rès ❧✬é✈è♥❡♠❡♥t✳ ▲❛ ❧♦♥❣✉❡ ♣ér✐♦❞❡ ❝♦rr❡s♣♦♥❞ à ✹✶✵ ❥♦✉rs✱
❝♦♥t❡♥❛♥t ❧✬é✈è♥❡♠❡♥t✱ ❛✉ ❝♦✉rs ❞❡sq✉❡❧s ❧❛ s♦♥❞❡ ❛ r❡♥❝♦♥tré ✉♥ s❡✉❧ t②♣❡ ❞❡
✈❡♥t✳



✼✳✸✳ ❈♦♥❝❧✉s✐♦♥s ✼✾

✐♦♥s ❧♦♥❣ t❡r♠❡ ✺ ❥♦✉rs ❛✈❛♥t ✺ ❥♦✉rs ❛♣rès
Fe10+ − Fe16+ −0.72 −0.30 −0.45

Fe6+ − Fe9+ 6.34 13.7 11.34

Si9+ − Si12+ −0.64 −0.08 −0.29

Si7+ − Si8+ −0.18 0.60 0.13

Mg9+ − Mg10+ −0.61 −0.37 −0.51

Mg6+ − Mg8+ 0.17 1.15 0.58

O7+ − O8+ 1.90 2.34 1.61

O6+ −0.57 −0.09 −0.38

C6+ −0.52 −0.28 −0.37

C4+ − C5+ −0.62 −0.40 −0.55

❚❛❜❧❡ ✼✳✷ ✕ ❚❛❜❧❡ ❞❡s ❞✐✛ér❡♥❝❡s r❡❧❛t✐✈❡s ❞❡s ❞❡♥s✐tés ❞❡s ✐♦♥s ❧♦✉r❞s ❡♥✲
tr❡ ❧✬✐♥tér✐❡✉r ❞❡ ❧✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸ ❡t ❧❡ ♣❧❛s♠❛ ❛♠❜✐❛♥t ♣❡♥❞❛♥t
❞✐✛ér❡♥t❡s ♣ér✐♦❞❡s✳

▲❛ t❛❜❧❡ ✼✳✶ ❞♦♥♥❡ ❧❡s ❞❡♥s✐tés ❞❡s ✐♦♥s ❧♦✉r❞s ♠❡s✉ré❡s ♣❛r ❙❲■❈❙ ♣❡♥✲
❞❛♥t ❧✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡✱ ❡♥ ♠♦②❡♥♥❡ s✉r ✉♥❡ ❧♦♥❣✉❡ ♣ér✐♦❞❡✱ ✺ ❥♦✉rs ❛✈❛♥t
❡t ✺ ❥♦✉rs ❛♣rès ❧✬é✈è♥❡♠❡♥t✳ ▲❛ ❧♦♥❣✉❡ ♣ér✐♦❞❡ ❝♦rr❡s♣♦♥❞ à ✹✶✵ ❥♦✉rs✱ ❡♥tr❡ ❧❡
✸ ❛♦ût ✶✾✾✸ ❡t ❧❡ ✶✷ s❡♣t❡♠❜r❡ ✶✾✾✹✱ ❛✉ ❝♦✉rs ❞❡ ❧❛q✉❡❧❧❡ ❧❛ s♦♥❞❡ ♥✬❛ r❡♥❝♦♥✲
tré q✉❡ ❞✉ ✈❡♥t r❛♣✐❞❡ ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧✬❤é♠✐s♣❤èr❡ s✉❞ ❞✉ ❙♦❧❡✐❧ ✭▼❝❈♦♠❛s
❡t ❛❧✳✱ ✷✵✵✵✮✳ ➚ ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ ❧❛ t❛❜❧❡ ✼✳✶✱ ♥♦✉s ♣♦✉✈♦♥s ❝❛❧❝✉❧❡r ❧❛
t❛❜❧❡ ✼✳✷✱ q✉✐ ❞♦♥♥❡ ❧❡s ❞✐✛ér❡♥❝❡s r❡❧❛t✐✈❡s ✶ ❞❡s ❞❡♥s✐tés ❞❡s ✐♦♥s ❧♦✉r❞s ❡♥tr❡
❧✬✐♥tér✐❡✉r ❞❡ ❧✬■❋❊ ❡t ❧❡ ♣❧❛s♠❛ ❛♠❜✐❛♥t ♣❡♥❞❛♥t ❞✐✛ér❡♥t❡s ♣ér✐♦❞❡s✳

▲❛ t❛❜❧❡ ✼✳✷ ♠♦♥tr❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡s ✐♦♥s
Fe6+ − Fe9+✳ ❈❡ rés✉❧t❛t ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s tr❛î♥é❡s ❞❡
♣♦✉ss✐èr❡s ❞❡ ❙②❦❡s ❡t ❲❛❧❦❡r ✭✶✾✾✷✮✱ q✉✐ ♣ré❞✐t q✉❡ ❧❡s tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s
s♦♥t ♣❧✉s r✐❝❤❡s ❡♥ ♠ét❛✉① q✉❡ ❧❡s q✉❡✉❡s ❞❡ ❝♦♠èt❡s✳ ▲❡s ❛✉tr❡s ✈❛r✐❛t✐♦♥s
s♦♥t ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉❡ ❧❡s ✈❛r✐❛t✐♦♥s st❛t✐st✐q✉❡s ❞❡ ❧❛ ❝♦♠♣♦✲
s✐t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡✳

✼✳✸ ❈♦♥❝❧✉s✐♦♥s

▲✬ét✉❞❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡
✉♥❡ s✉r♣♦♣✉❧❛t✐♦♥ ❞✬✐♦♥ ❢❡rr❡✉① ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸✳
❈❡❝✐✱ ❛❥♦✉té à ❧❛ ♣♦s✐t✐♦♥ ❡t à ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❛✉tr❡ ■❋❊ ❛✉ ♠ê♠❡ ❡♥❞r♦✐t
♣❧✉s ❞❡ ✻ ❛♥s ❛♣rès✱ r❡♥❢♦r❝❡ ❧✬❤②♣♦t❤ès❡ ❞❡ ❏♦♥❡s ❡t ❛❧✳ ✭✷✵✵✸✮ q✉❡ ❧❡s ■❋❊ s♦♥t
❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡s
❝♦♠ét❛✐r❡s✳ ❈❡♣❡♥❞❛♥t✱ ❛✉❝✉♥ ❛✉tr❡ é✈è♥❡♠❡♥t ❞ét❡❝té ♣❛r ❯❧②ss❡ ♥❡ ♣rés❡♥t❡

✶✳ ∆ions = in IFE − out IFE
out IFE



✽✵
❈❤❛♣✐tr❡ ✼✳ ▲❡s ✧■♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝ ❋✐❡❧❞ ❊♥❤❛♥❝❡♠❡♥ts✧

✭■❋❊✮

✉♥❡ q✉❡❧❝♦♥q✉❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡♥t✳ ❉❡ ♣❧✉s✱ ♦♥ ♥♦t❡ s✉r ❧❛
✜❣✉r❡ ✼✳✷ q✉❡ ❧❛ ✈✐t❡ss❡ ♥❡ ✈❛r✐❡ ♣❛s ♣❡♥❞❛♥t ❧✬é✈è♥❡♠❡♥t✱ ❡t ❝❡❧❛ s❡ ✈ér✐✜❡
♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ■❋❊ ét✉❞✐é❡s✳ ◆♦t❡r q✉❡ ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞✬❯❧②ss❡ ❞❛♥s ❧❛
q✉❡✉❡ ❞❡ ♣❧❛s♠❛ ❞❡ ❧❛ ❝♦♠èt❡ ❍②❛❦✉t❛❦❡ ❡♥ ✷✵✵✵ ✉♥❡ ❜❛✐ss❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉
✈❡♥t ❡st ♦❜s❡r✈❛❜❧❡✱ ❛✐♥s✐ q✉✬✉♥❡ s✐❣♥❛t✉r❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✭❏♦♥❡s
❡t ❛❧✳✱ ✷✵✵✵✮ ❡t ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❧❛s♠❛ ✭●❧♦❡❝❦❧❡r ❡t ❛❧✳✱
✷✵✵✵✮✳ ▲✬❛❜s❡♥❝❡ ❞❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣❡♥❞❛♥t ✉♥❡ ■❋❊
♣❡✉t êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✬✉♥❡ ❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞✉ ♣❧❛s♠❛ ♣❡♥❞❛♥t ❧❡ tr❛❥❡t✱
r❡♥❞❛♥t ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❤❛s❛r❞❡✉s❡✱ ♦✉ ❡♥❝♦r❡
❞✬♦❜❥❡ts à ❧✬♦r✐❣✐♥❡ tr♦♣ ♣❡t✐ts✳

◆é❛♥♠♦✐♥s✱ ❧✬é✈è♥❡♠❡♥t ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸ ✐♠♣❧✐q✉❡ s♦✐t ✉♥❡ ♠♦❞✐✜✲
❝❛t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡s ■❋❊ ♦✉ ❞❡s ♠♦❞è❧❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡
♣❧❛s♠❛ ♣❛r ❧❡s tr❛î♥é❡s ❞❡ ♣♦✉ss✐èr❡s✱ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❝❤❛r❣❡s ❧✐❜r❡s ♥❡ ♣❡r♠❡t✲
t❛♥t ♣❛s ❞✬❡①♣❧✐q✉❡r ❧❡s ■❋❊ ♦❜s❡r✈é❡s ✭▼❛♥♥ ❡t ❛❧✳✱ ✷✵✶✵✮✱ s♦✐t ❞❡ r❡❝❤❡r❝❤❡r
✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ❞❡♥s❡ q✉✬♦❜s❡r✈é❡ à ❝❡ ❥♦✉r✳ ▲✬❛❜✲
s❡♥❝❡ ❞❡ ❝♦♠èt❡ ❝♦♥♥✉❡ à ❝❡ ❥♦✉r ❛②❛♥t ❞❡s ♣❛r❛♠ètr❡s ♦r❜✐t❛✉① ❝♦♠♣❛t✐❜❧❡s
❛✈❡❝ ❧✬■❋❊ ❞✉ ✷✼ s❡♣t❡♠❜r❡ ✶✾✾✸ ❢❛✐t ♣❧✉tôt ♣❡♥❝❤❡r ❧❛ ❜❛❧❛♥❝❡ ❞✉ ❝ôté ❞❡ ❧❛
♣r❡♠✐èr❡ ❤②♣♦t❤ès❡✳

❊♥✜♥✱ ❧✬❛❜s❡♥❝❡ ❞❡ s✐❣♥❛t✉r❡ ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❧❛s♠❛ ♣♦✉r ❧❡s ❛✉tr❡s
■❋❊ ♥✬❛ ♣❛s ♣❡r♠✐s ❞❡ ❞✐s❝r✐♠✐♥❡r ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t ♦❜❥❡ts s✉s❝❡♣t✐❜❧❡s ❞❡
♣r♦❞✉✐r❡ ✉♥❡ t❡❧❧❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡✳



❈❤❛♣✐tr❡ ✽

▲❡s ✈❡♥ts st❡❧❧❛✐r❡s ✿ ❧❡ ✢✉①
❞✬é♥❡r❣✐❡

❙♦♠♠❛✐r❡
✽✳✶ ▲❡ ❙♦❧❡✐❧ ❡♥ t❛♥t q✉✬ét♦✐❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✽✳✷ ▲❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✽✳✸ ▲❡s ✈❡♥ts st❡❧❧❛✐r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✽✳✹ ❈♦♥❝❧✉s✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✽✳✶ ▲❡ ❙♦❧❡✐❧ ❡♥ t❛♥t q✉✬ét♦✐❧❡

▲❡ ❙♦❧❡✐❧ ♥✬❡st ♣❛s ❧❛ s❡✉❧❡ ét♦✐❧❡ ♣♦ssé❞❛♥t ✉♥ ✈❡♥t ❞❡ ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s✳
❊♥ ❡✛❡t✱ ❞❡ ♥♦♠❜r❡✉s❡s ét♦✐❧❡s ♣♦ssè❞❡♥t ✉♥ ✈❡♥t st❡❧❧❛✐r❡✳ ◆é❛♥♠♦✐♥s✱ t♦✉s
❝❡s ✈❡♥ts ♥✬♦♥t ♣❛s ♣♦✉r ♦r✐❣✐♥❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ❡①t❡r♥❡ ❞❡ ❧❡✉r
ét♦✐❧❡✳ ❈❡rt❛✐♥s s♦♥t✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛ ❢♦rt❡ ♣r❡ss✐♦♥ ❞❡ r❛❞✐✲
❛t✐♦♥ s✉r ❧❡s ♣♦✉ss✐èr❡s ❡♥t♦✉r❛♥t ❧✬ét♦✐❧❡ q✉✐ ❡♠♣♦rt❡♥t ❛✈❡❝ ❡❧❧❡s ❧❡ ♣❧❛s♠❛✳
❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ♥❡ ❝♦♥s✐❞ér❡r♦♥s ♣❛s ❞❡ t❡❧❧❡s ét♦✐❧❡s✳ ◆♦✉s ✉t✐❧✐s❡r♦♥s
❝❡rt❛✐♥❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣♦✉r ❡ss❛②❡r ❞✬❡♥ t✐r❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s
s✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❞❡ t②♣❡ ✧❝♦✉r♦♥♥❡ ❝❤❛✉❞❡✧✳

P❡♥❞❛♥t ❧❡s ✶✽ ❛♥♥é❡s ❞✬❡①♣❧♦✐t❛t✐♦♥ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡✱ ❧❡ ✈❡♥t s♦❧❛✐r❡ ❛ ♣✉
êtr❡ ♦❜s❡r✈é ♣❡♥❞❛♥t ♣❧✉s ❞✬✉♥ ❝②❝❧❡ ❞✬❛❝t✐✈✐té✱ ❡t ♣♦✉r ❞❡s ❧❛t✐t✉❞❡s ❝♦♠♣r✐s❡s
❡♥tr❡ 80◦❙ ❡t 80◦◆✳ ❈❡❧❛ ♥♦✉s ♣❡r♠❡t ❞❡ ♥♦✉s ♣❧❛❝❡r ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ♣❧✉s
❣é♥ér❛❧✱ ❛✈❡❝ ❧❡ ♣♦✐♥t ❞❡ ✈✉❡ ❞✬✉♥ ♦❜s❡r✈❛t❡✉r à ❧✬❡①tér✐❡✉r ❞❡ ❧✬❤é❧✐♦s♣❤èr❡✱
❞❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥ q✉❡ ♣♦✉r ❧❡s ❛✉tr❡s ét♦✐❧❡s✳ ❊♥ rè❣❧❡ ❣é♥ér❛❧❡✱ ❧❡s ♣❤②s✐❝✐❡♥s
st❡❧❧❛✐r❡s ❝❤❡r❝❤❡♥t à ❝♦♥♥❛îtr❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ✭❧✐é❡ ❛✉ ✢✉① ❞❡ ♠❛ss❡✮ ❞❡
❧✬ét♦✐❧❡✳ ◆♦✉s ♣rés❡♥t❡r♦♥s ✐❝✐ ❧❡s ❧✐♠✐t❛t✐♦♥s ❞✬✉♥❡ ♠❡s✉r❡ ❞❡ ✢✉① ❞❡ ♠❛ss❡ ❡t
♣r♦♣♦s❡r♦♥s ✉♥❡ ❛❧t❡r♥❛t✐✈❡ ❛✈❡❝ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ♣♦✉r ❝❛r❛❝tér✐s❡r ❧❡s ✈❡♥ts
st❡❧❧❛✐r❡s✱ ❡♥ ❝♦♠♠❡♥ç❛♥t ♣❛r ♣rés❡♥t❡r ❧❡ ❝❛s ❞✉ ❙♦❧❡✐❧✳

❉❛♥s ❝❡tt❡ ét✉❞❡✱ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞✬✉♥ ✈❡♥t st❡❧❧❛✐r❡ ❡st ♥♦r♠❛❧✐sé à ❧❛
s✉r❢❛❝❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♥s✐❞éré❡✱ ❡t ❞é✜♥✐ ♣❛r ❧✬éq✉❛t✐♦♥ ✿

W =
Ṁ

4πR2

(

V 2

2
+
MG

R

)

✭✽✳✶✮



✽✷ ❈❤❛♣✐tr❡ ✽✳ ▲❡s ✈❡♥ts st❡❧❧❛✐r❡s ✿ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡

♦ù Ṁ ❡st ❧❡ t❛✉① ❞❡ ♣❡rt❡ ❞❡ ♠❛ss❡✱ V ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t✱ M ❡t R ❧❛ ♠❛ss❡ ❡t
❧❡ r❛②♦♥ ❞❡ ❧✬ét♦✐❧❡✱ ❡t G ❧❛ ❝♦♥st❛♥❝❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧❡
✢✉① ❞✬é♥❡r❣✐❡ ❡st ❧❛ s♦♠♠❡ ✭♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ s✉r ❧✬ét♦✐❧❡✮ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥é✲
t✐q✉❡ ❞✉ ✈❡♥t ❡t ❞❡ ❧✬é♥❡r❣✐❡ ♥é❝❡ss❛✐r❡ ♣♦✉r q✉❡ ❧❡ ✈❡♥t é❝❤❛♣♣❡ ❛✉ ♣♦t❡♥t✐❡❧
❣r❛✈✐t❛t✐♦♥♥❡❧ ❞❡ ❧✬ét♦✐❧❡✳

✽✳✷ ▲❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t s♦❧❛✐r❡

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬ét✉❞❡ ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ♥♦✉s ✉t✐❧✐s♦♥s ❧❡s ❞♦♥♥é❡s ❞❡ ❧✬✐♥✲
str✉♠❡♥t ❙❲❖❖P❙ s✉r ❯❧②ss❡✱ à s❛✈♦✐r ❧❛ ❞❡♥s✐té ❞❡s ♣r♦t♦♥s ❡t ❞❡s ♣❛rt✐❝✉❧❡s
❛❧♣❤❛✱ ❛✐♥s✐ q✉❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t✳ ❉❡ ❢❛ç♦♥ à ❛✈♦✐r ✉♥ ♣♦✐♥t ❞❡ ré❢ér❡♥❝❡ ♣rès
❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ❚❡rr❡✱ ♥♦✉s ✉t✐❧✐s♦♥s ❛✉ss✐ ❧❡s ♠❡s✉r❡s ❞❡ ❧❛ ❞❡♥s✐té ❞❡s ✐♦♥s
❡t ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❞❡ ❧✬✐♥str✉♠❡♥t ❙❲❊ s✉r ❲■◆❉✳ ▲❡s ❞♦♥♥é❡s ❞❡
❙❲❖❖P❙ ❝♦✉✈r❡♥t ❧❛ ♣ér✐♦❞❡ ❞❡ ✶✾✾✷ à ✷✵✵✽ ❡t ❧❡s ❞♦♥♥é❡s ❙❲❊ ❞❡ ✶✾✾✺ à
✷✵✵✽✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♣ér✐♦❞❡s ♦ù ❲■◆❉ ❡st ❞❛♥s ❧❛ ♠❛❣♥ét♦s♣❤èr❡ ❞❡ ❧❛
❚❡rr❡✳ ▲❛ ✜❣✉r❡ ✽✳✶ ♣rés❡♥t❡ ❧❡s ✢✉① ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡ ♦❜t❡♥✉s ❛✈❡❝ ❝❡s
❞❡✉① ❥❡✉① ❞❡ ❞♦♥♥é❡s✳

▲❛ ✜❣✉r❡ ✽✳✶ ♠♦♥tr❡ q✉❡ ❧❡s ✢✉① ❞✬é♥❡r❣✐❡ ♦❜t❡♥✉s ❛✈❡❝ ❧❡s ✐♥str✉♠❡♥ts
❙❲❖❖P❙ ❡t ❙❲❊ s♦♥t ✐❞❡♥t✐q✉❡s à ❝❤❛q✉❡ ❢♦✐s q✉❡ ❧❡s ❞❡✉① ✐♥str✉♠❡♥ts
s♦♥t ❞✐s♣♦♥✐❜❧❡s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ✢✉① ❞❡ ♠❛ss❡ q✉✐ ♥❡ s♦♥t ✐❞❡♥t✐q✉❡s q✉❡
❧♦rsq✉❡ ❧❛ ❧❛t✐t✉❞❡ ❞✬❯❧②ss❡ ❡st ✐♥❢ér✐❡✉r❡ à 30◦ ✭♣rès ❞❡ ❧✬é❝❧✐♣t✐q✉❡ ♦ù s❡
tr♦✉✈❡ ❲■◆❉✮✳ ❉❡ ♣❧✉s✱ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ r❡st❡ ❝♦♥st❛♥t ❧♦rsq✉❡ ❧❛ ❧❛t✐t✉❞❡
✈❛r✐❡ ❞❡ −80◦ à +80◦✱ ❛❧♦rs ♠ê♠❡ q✉❡ ❧❛ ✈✐t❡ss❡ ❡t ❧❡ ✢✉① ❞❡ ♠❛ss❡ ❞✉ ✈❡♥t
s♦❧❛✐r❡ ✈❛r✐❡♥t ❞✬✉♥ ❢❛❝t❡✉r ❞❡✉①✳ ❆✐♥s✐✱ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❡st ♦❜s❡r✈é ❝♦♠♠❡
ét❛♥t ✐♥❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❧❛t✐t✉❞❡ ❡t ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t s♦❧❛✐r❡✳

▲❛ ✜❣✉r❡ ✽✳✶ ♠♦♥tr❡ é❣❛❧❡♠❡♥t q✉❡ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❡st ♣r❛t✐q✉❡♠❡♥t ✐♥✲
❞é♣❡♥❞❛♥t ❞❡ ❧✬❛❝t✐✈✐té s♦❧❛✐r❡✳ ▲❛ ✈❛❧❡✉r ♠♦②❡♥♥❡✱ ♣♦✉r ❧❛ ♣ér✐♦❞❡ ❝♦✉✈❡rt❡
♣❛r ❯❧②ss❡✱ ❡st ❞❡ 79❲✳♠−2 à ❧❛ s✉r❢❛❝❡ ❞✉ ❙♦❧❡✐❧✱ s♦✐t ❡♥✈✐r♦♥ ✉♥ ♠✐❧❧✐♦♥✐è♠❡
✭10−6✮ ❞✉ ✢✉① ❧✉♠✐♥❡✉① ❞✉ ❙♦❧❡✐❧✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❞❡r♥✐❡r ♠✐♥✲
✐♠✉♠ ❞✬❛❝t✐✈✐té q✉✐ ♠♦♥tr❡ ✉♥❡ ✐♠♣♦rt❛♥t❡ ❜❛✐ss❡ ❞❡ ❝❡rt❛✐♥❡s ♣r♦♣r✐étés ❞✉
✈❡♥t s♦❧❛✐r❡ ✭✈♦✐r ♣❛rt✐❡ ■ ❝❤❛♣✐tr❡ ✸✮ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ 20% ❞✉
✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ✭▲❡ ❈❤❛t ❡t ❛❧✳✱ ✷✵✵✾❜✮✳

✽✳✸ ▲❡s ✈❡♥ts st❡❧❧❛✐r❡s

❆✉ ✈✉ ❞❡ ❝❡s rés✉❧t❛ts✱ ✐❧ ❛♣♣❛r❛ît q✉❡ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞é✜♥✐ ♣❛r ❧✬éq✉❛t✐♦♥
✽✳✶ ❡st✱ ❞❛♥s ❧❡ ❝❛s ❞✉ ✈❡♥t s♦❧❛✐r❡✱ ❧✬♦❜s❡r✈❛❜❧❡ ❧❛ ♣❧✉s ✐♥❞é♣❡♥❞❛♥t❡ ❞❡ ❧❛
❧❛t✐t✉❞❡✱ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❛✐♥s✐ q✉❡ ❞✉ t②♣❡ ❞❡ ✈❡♥t ♦❜s❡r✈é✳ ❖♥
♣❡✉t ❛✐♥s✐ s✉♣♣♦s❡r q✉❡ ♣♦✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✱ ❝❡tt❡ ♦❜s❡r✈❛❜❧❡ ❡st ❧❛ ♣❧✉s
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❋✐❣✉r❡ ✽✳✶ ✕ ❉❡ ❤❛✉t ❡♥ ❜❛s ✿ ♥♦♠❜r❡ ❞❡ t❛❝❤❡s s♦❧❛✐r❡s ❀ ❧❛ ❞✐st❛♥❝❡ ✭❘✮
❡t ❧❛ ❧❛t✐t✉❞❡ ✭❤❧❛t✮ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ♣❛r r❛♣♣♦rt ❛✉ ❙♦❧❡✐❧ ❀ ❧❛ ✈✐t❡ss❡ ❡t ❧❛
❞❡♥s✐té ✭♣r♦t♦♥s ❡t ♣❛rt✐❝✉❧❡s ❛❧♣❤❛✮ ❞✉ ✈❡♥t s♦❧❛✐r❡ ♠❡s✉ré❡s ♣❛r ❧✬✐♥str✉♠❡♥t
❙❲❖❖P❙ s✉r ❯❧②ss❡ ❀ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ à ❧❛ s✉r❢❛❝❡ ❞✉ ❙♦❧❡✐❧✱
♦❜t❡♥✉ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❞✬❯❧②ss❡ ✭tr❛✐t ❝♦♥t✐♥✉ ♥♦✐r✮ ❛✐♥s✐ q✉✬à ♣❛rt✐r ❞❡s
❞♦♥♥é❡s ❞❡ ❲■◆❉ ✭❡♥ ♣♦✐♥t✐❧❧é r♦✉❣❡✮ ❀ ❡t ❧❡ ✢✉① ❞❡ ♠❛ss❡ ♥♦r♠❛❧✐sé à 1❯❆✱
♦❜t❡♥✉ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❞✬❯❧②ss❡ ✭tr❛✐t ❝♦♥t✐♥✉ ♥♦✐r✮ ❛✐♥s✐ q✉✬à ♣❛rt✐r ❞❡s
❞♦♥♥é❡s ❞❡ ❲■◆❉ ✭♣♦✐♥t✐❧❧és r♦✉❣❡s✮✳ ❆❞❛♣té❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✵✾❜✮✳
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❋✐❣✉r❡ ✽✳✷ ✕ ❘❛♣♣♦rt ❞✉ ✢✉① ❞✬é♥❡r❣✐❡ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❞✉ ✢✉① ❧✉♠✐♥❡✉①
❞❡ ❧✬ét♦✐❧❡✱ ♣♦✉r ❞✐✛ér❡♥ts t②♣❡s ❞✬ét♦✐❧❡s ❝♦♠♠❡ ❝❡❧❛ ❡st ✐♥❞✐q✉é s✉r ❧❛ ✜❣✉r❡✳
▲❡s ❞r♦✐t❡s r❡♣rés❡♥t❡♥t ❧✬❛❥✉st❡♠❡♥t ❞❡ ❧♦✐s ❞❡ ♣✉✐ss❛♥❝❡ ♣♦✉r ❞❡✉① ❣r♦✉♣❡s
❞✬ét♦✐❧❡s ♣rés❡♥ts ❞❛♥s ❧❛ ✜❣✉r❡✳ ❚✐ré❡ ❞❡ ▲❡ ❈❤❛t ❡t ❛❧✳ ✭✷✵✵✾❜✮✳

✐♥❞é♣❡♥❞❛♥t❡ ❞❡s ❝♦♥tr❛✐♥t❡s ✐♥❤ér❡♥t❡s ❛✉① ♦❜s❡r✈❛t✐♦♥s ❧♦✐♥t❛✐♥❡s ✿ t❡♠♣s
❞✬♦❜s❡r✈❛t✐♦♥ ❧✐♠✐té✱ ❛♥❣❧❡ ❞❡ ✈✉❡ ✜①❡✳✳✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ét✉❞❡ s✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✱ ♥♦✉s ✉t✐❧✐s♦♥s ❞❡s
❞♦♥♥é❡s ♣♦✉r ✉♥❡ ❧❛r❣❡ ✈❛r✐été ❞✬ét♦✐❧❡s ✿ ❞❡s ♥❛✐♥❡s r♦✉❣❡s ❞❛♥s ❞❡s s②stè♠❡s
❜✐♥❛✐r❡s ✭❉❡❜❡s✱ ✷✵✵✻✮ ❀ ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ✭❲♦♦❞ ❡t ❛❧✳✱ ✷✵✵✺✮ ❀ ❞❡s
❣é❛♥t❡s ❢r♦✐❞❡s ✭▲♦❜❡❧ ❡t ❉✉♣r❡❡✱ ✷✵✵✵✱ ❘♦❜✐♥s♦♥ ❡t ❛❧✳✱ ✶✾✾✽✱ ❈❛r♣❡♥t❡r ❡t ❛❧✳✱
✶✾✾✾✱ ❍❛r♣❡r ❡t ❛❧✳✱ ✶✾✾✺✮ ❀ ❡t ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ❚✲❚❛✉r✐ ✭❍❛rt✐❣❛♥ ❡t ❛❧✳✱
✶✾✾✺✮✳ ❈❡t ❡♥s❡♠❜❧❡ ❝♦♥t✐❡♥t ❛✐♥s✐ ❞❡s ét♦✐❧❡s ❞♦♥t ❧❛ ♠❛ss❡ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡
0.1▼⊙ ❡t 630▼⊙✱ ❧❛ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❡♥tr❡ 3 000❑ ❡t 27 000❑ ❡t ❧❡ t❛✉①
❞❡ ♣❡rt❡ ❞❡ ♠❛ss❡ ❡♥tr❡ 10−16▼⊙.②r−1 ❡t 8.10−8▼⊙.②r−1✳

▲❛ ✜❣✉r❡ ✽✳✷ ❝♦♠♣❛r❡ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡s ✭éq✉❛t✐♦♥ ✽✳✶✮
❛✈❡❝ ❧❡ ✢✉① ❧✉♠✐♥❡✉① ❞❡s ét♦✐❧❡s ❝♦rr❡s♣♦♥❞❛♥t❡s ✶✳ ◗✉❛tr❡ ❢❛♠✐❧❧❡s ♣❡✉✈❡♥t
êtr❡ ✈✉❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✽✳✷ ✿ ❧✬✉♥❡ r❡❣r♦✉♣❛♥t ❧❡s ét♦✐❧❡s ❥❡✉♥❡s ❞❡ t②♣❡ ❚✲❚❛✉r✐
✭❞✐❛♠❛♥ts✮ ❀ ✉♥❡ ❛✉tr❡ ❝♦♥t❡♥❛♥t ❧❡ ❙♦❧❡✐❧ ✭❝r♦✐①✮✱ ❧❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡
✭tr✐❛♥❣❧❡s ♣♦✐♥t❡ ❡♥ ❜❛s✮ ❡t ❧❡s ❣é❛♥t❡s ❢r♦✐❞❡s ✭r♦♥❞s✮ ❀ ❡t ❧❡s ❞❡✉① ❞❡r♥✐èr❡s
❢❛♠✐❧❧❡s ♣❛r ❧❡s ♥❛✐♥❡s r♦✉❣❡s ✭tr✐❛♥❣❧❡s ♣♦✐♥t❡ ❡♥ ❤❛✉t✮✳

▲✬❛❥✉st❡♠❡♥t ❞✬✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❡st r❡♣rés❡♥té ♣❛r ❧❡s ❧✐❣♥❡s s✉r ❧❛
✜❣✉r❡ ✽✳✷✱ ❡t ♠♦♥tr❡ q✉❡ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞❡s ❚✲❚❛✉r✐ ✈❛r✐❡ ❛✈❡❝ ❧❡ ✢✉① ❧✉✲

✶✳ ❖❜t❡♥✉s ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❙■▼❇❆❉✱ ❞✉ ❈❉❙✱ ❙tr❛s❜♦✉r❣✱

❋r❛♥❝❡



✽✳✹✳ ❈♦♥❝❧✉s✐♦♥s ✽✺

♠✐♥❡✉① à ❧❛ ♣✉✐ss❛♥❝❡ 2.3 ± 0.7✳ P♦✉r ❧❡ ❣r♦✉♣❡ ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡
❡t ❞❡s ❣é❛♥t❡s ❢r♦✐❞❡s✱ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❛♣♣❛r❛ît ❝♦♠♠❡ ✐♥❞é♣❡♥❞❛♥t ❞✉ ✢✉①
❧✉♠✐♥❡✉① ✭W ∝ L0.02±0.5✮✱ ✈❛❧❛♥t 102❲✳♠−2 à ✉♥ ❢❛❝t❡✉r 100 ♣rès✳ ❈❡ ❞❡r♥✐❡r
rés✉❧t❛t ❡st à ♣r❡♥❞r❡ ❛✈❡❝ ♣ré❝❛✉t✐♦♥ ❡♥ r❛✐s♦♥ ❞❡s ❧✐♠✐t❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡s
♠❡s✉r❡s ❞❡ ♣❡rt❡s ❞❡ ♠❛ss❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❛♥s ❧❡✉r séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✱
❝♦♠♠❡ ❧❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ✭❈r❛♥♠❡r✱ ✷✵✵✽✮✳ ▲❡s ♥❛✐♥❡s r♦✉❣❡s ♦♥t ✉♥
✢✉① ❞✬é♥❡r❣✐❡ s✐♠✐❧❛✐r❡✱ s✐ ❝❡ ♥✬❡st ♣♦✉r ❧❡s tr♦✐s ♣❧✉s ❢♦rts ✢✉① q✉✐ ❝♦rr❡s♣♦♥✲
❞❡♥t ❛✉① s②stè♠❡s ❜✐♥❛✐r❡s ❛✈❡❝ ❧❡ ♣❧✉s ❢♦rt t❛✉① ❞✬❛❝❝rét✐♦♥ ♦✉ ❞❛♥s ✉♥ ❝❛s
✭❘❉✹✻✹✮ à ✉♥ é✈❡♥t✉❡❧ s②stè♠❡ tr✐♣❧❡ ✭❉❡❜❡s✱ ✷✵✵✻✮✳

✽✳✹ ❈♦♥❝❧✉s✐♦♥s

▲❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡st ✐❞❡♥t✐q✉❡ ❞❛♥s ❧✬❡♥s❡♠❜❧❡ ❞❡
❧✬❤é❧✐♦s♣❤èr❡✱ ❡t ♥❡ ❝❤❛♥❣❡ ♣❛s ❡♥tr❡ ❧❡ ✈❡♥t ❧❡♥t ❡t ❧❡ ✈❡♥t r❛♣✐❞❡✳ ❆✐♥s✐✱
❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ♣♦✉rr❛✐t êtr❡ ✉♥❡ ❜♦♥♥❡ ♦❜s❡r✈❛❜❧❡ ♣♦✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✳

▲✬ét✉❞❡ ❞✬✉♥ é✈❡♥t❛✐❧ ❞❡ ✈❡♥ts st❡❧❧❛✐r❡s ♠♦♥tr❡ q✉❡ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❡st
♣r❛t✐q✉❡♠❡♥t ❝♦♥st❛♥t ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ❡t ❧❡s ❣é❛♥t❡s ❢r♦✐❞❡s✳
❈❡❧❛ s✉❣❣èr❡ ✉♥ ♣r♦❝❡ss✉s ❝♦♠♠✉♥ à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡s ✈❡♥ts st❡❧❧❛✐r❡s✳ ▲❡ ✢✉①
❞✬é♥❡r❣✐❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❡s ❚✲❚❛✉r✐s ❡t ❞❡s ♥❛✐♥❡s r♦✉❣❡s ❡♥ s②stè♠❡s ❜✐✲
♥❛✐r❡s ♣❡✉t êtr❡ ❧❡ rés✉❧t❛t ❞✬✉♥ ✈❡♥t st❡❧❧❛✐r❡ ♣r♦♣✉❧sé ♣❛r ❧✬❛❝❝rét✐♦♥ ❞❡
♠❛t✐èr❡s s✉r ❧✬ét♦✐❧❡ ✭▼❛tt ❡t P✉❞r✐t③✱ ✷✵✵✺✮✳





❈❤❛♣✐tr❡ ✾

❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s

❆✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✱ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❛ ❡✛❡❝t✉é s♦♥ tr♦✐s✐è♠❡ ♣❛ss❛❣❡
r❛♣✐❞❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✉ ❙♦❧❡✐❧✱ t❡r♠✐♥❛♥t ❛✐♥s✐ s♦♥ ♣ér✐♣❧❡ ✉♥✐q✉❡ ❞❡ ✶✽ ❛♥s
❡♥ ❞❡❤♦rs ❞✉ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳ ■❧ ♠✬❛ ❛✐♥s✐ été ♣❡r♠✐s ❞❡ ♣❛rt✐❝✐♣❡r à ❝❡tt❡
ét❛♣❡ ❤✐st♦r✐q✉❡ ❞❡ ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❤é❧✐♦s♣❤èr❡✳

▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✱ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ s♦♠♠❡ ❞❡
▼❛①✇❡❧❧✐❡♥♥❡s ♣♦✉r ❞é❝r✐r❡ ❧❡s é❧❡❝tr♦♥s✱ ❛✈❡❝ ❧❡s ❞❡r♥✐èr❡s ❞♦♥♥é❡s ❞✉ ré✲
❝❡♣t❡✉r r❛❞✐♦ ❯❘❆P à ❜♦r❞ ❞✬❯❧②ss❡✱ ❛✈❛♥t s♦♥t ❛rrêt ❞é✜♥✐t✐❢✱ ❛ ♣❡r♠✐s ❞❡
♠❡s✉r❡r ❞❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ très ❞✐✛ér❡♥t❡s ❡♥tr❡ ❧❡s ❞❡✉① ♠✐♥✐♠❛
❞✬❛❝t✐✈✐té s♦❧❛✐r❡ ♦❜s❡r✈és ♣❛r ❝❡tt❡ s♦♥❞❡✳ ▲❡ ✈❡♥t s♦❧❛✐r❡ ❞✉ ♠✐♥✐♠✉♠ ❞✉
❝②❝❧❡ ✷✸ ✭❡♥ ✷✵✵✼ ❡t ✷✵✵✽✮ s❡ ré✈é❧❛ ❜✐❡♥ ♠♦✐♥s ❞❡♥s❡ ❡t ❝❤❛✉❞ q✉❡ ❧♦rs ❞✉
♣r❡♠✐❡r ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ♣ô❧❡ à ♣ô❧❡ ❞✬❯❧②ss❡ ❡♥ ✶✾✾✹ ❡t ✶✾✾✺✱ ♣rès ❞✉ ♠✐♥✐✲
♠✉♠ ❞✉ ❝②❝❧❡ ✷✷✳ ❇✐❡♥ q✉✬✐♥❛tt❡♥❞✉❡s ❡♥ r❛✐s♦♥ ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s ❧♦rs ❞❡s
❞❡✉① ♣r❡♠✐❡rs ♣❛ss❛❣❡s ❞✬❯❧②ss❡✱ ❞❡ t❡❧❧❡s ✈❛r✐❛t✐♦♥s ❞✬✉♥ ❝②❝❧❡ à ❧✬❛✉tr❡ ❞❡s
♣r♦♣r✐étés ❞❡ ❧❛ ❝♦✉r♦♥♥❡ ❡t ❞✉ ✈❡♥t s♦❧❛✐r❡ ♥❡ s♦♥t ♣❛s ✐♥❤❛❜✐t✉❡❧❧❡s✳ ❋✐♥❛❧❡✲
♠❡♥t✱ ❧❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ♣♦✉rr❛✐❡♥t êtr❡ ❧✐é❡s ❛✉ ❝②❝❧❡ ❞❡ ✷✷ ❛♥s ♦✉ ❡♥❝♦r❡
à ✉♥❡ ♣❧✉s ❧♦♥❣✉❡ ♣ér✐♦❞❡✱ ❝♦♥séq✉❡♥❝❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠♦ s♦❧❛✐r❡✳
P❧✉s ✐♥tér❡ss❛♥t ❡♥❝♦r❡✱ ❧❛ ✈✐t❡ss❡ t❡r♠✐♥❛❧❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❝♦♥st❛♥t❡ ❡♥tr❡ ❧❡s
❝②❝❧❡s ✷✷ ❡t ✷✸✱ ❛❧♦rs q✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡
❞❡s ♣❛rt✐❝✉❧❡s ❞✉ ♠✐❧✐❡✉ ♦♥t ❞✐♠✐♥✉é✱ s✉♣♣♦s❡ ✉♥❡ r❡❧❛t✐✈❡ ✐♥❞é♣❡♥❞❛♥❝❡ ❞✉
♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣❛r r❛♣♣♦rt à ❧❛ q✉❛♥t✐té ❞✬é♥❡r❣✐❡
♠❛❣♥ét✐q✉❡ ❡t t❤❡r♠✐q✉❡ ❞✉ ♠✐❧✐❡✉✳

▲✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ♥✬❡st ♣❛s ❧❡ s❡✉❧ ❛♣♣♦rt ❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡
❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡✳
❊♥ ♣❡r♠❡tt❛♥t ✉♥❡ ♠❡s✉r❡ ♣ré❝✐s❡ ❞❡s ♠♦♠❡♥ts ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡
❞❡s é❧❡❝tr♦♥s✱ ❝❡tt❡ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❛ ♣❡r♠✐s ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛
t❡♠♣ér❛t✉r❡ ❞✉ ❝÷✉r ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧✱ ♠❡tt❛♥t ❡♥
é✈✐❞❡♥❝❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ✉♥❡ é✈♦❧✉t✐♦♥ ❛❞✐❛❜❛t✐q✉❡ ❡t
✐s♦t❤❡r♠❡✳

❈❡♣❡♥❞❛♥t✱ ✉♥❡ ❧✐♠✐t❛t✐♦♥ ✐♥tr✐♥sèq✉❡ à ❧✬✐♥str✉♠❡♥t ❯❘❆P ♥❡ ♣❡r♠❡t
♣❛s✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s ❝♦♠♠❡ ♠♦❞✲
è❧❡ ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✱ ❞✬♦❜t❡♥✐r ✉♥❡ ♣ré❝✐s✐♦♥ s✉✣s❛♥t❡ ♣♦✉r ❞ét❡r✲
♠✐♥❡r ❧✬é✈♦❧✉t✐♦♥ r❛❞✐❛❧❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s✳ P♦✉r ♣❛❧❧✐❡r
à ❝❡ ♣r♦❜❧è♠❡✱ ❥✬❛✐ été ❛♠❡♥é à ❞é✈❡❧♦♣♣❡r ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲
t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡s ❞❡s é❧❡❝tr♦♥s ❞❡ t②♣❡ ❦❛♣♣❛✱ q✉✐✱



✽✽ ❈❤❛♣✐tr❡ ✾✳ ❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s

❞❡ ♣❧✉s✱ ❡st ✉♥❡ ♠❡✐❧❧❡✉r ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥s ♦❜✲
s❡r✈é❡s✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té t❤é♦r✐q✉❡ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t
q✉❛s✐✲t❤❡r♠✐q✉❡ ❞❛♥s ✉♥ t❡❧ ♣❧❛s♠❛ ♣r♦✈✐❡♥t ❞❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♣❡r♠✐t✲
t✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ♣♦✉r t♦✉t❡s ❧❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞✉ ♣❛r❛♠ètr❡ κ✳ ▲✬❛♣♣❧✐❝❛✲
t✐♦♥ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ à ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ❞♦♥♥é❡s ❞❡ ❧✬✐♥str✉♠❡♥t r❛❞✐♦ ❯❘❆P
❛ ♣❡r♠✐s ❞❡ ✿ ✶✮ ✈❛❧✐❞❡r ❧❛ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❡♥ ❧❡s ❝♦♠♣❛r❛♥t
❛✈❡❝ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣ré❝é❞❡♠♠❡♥t ❛✈❡❝ ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ▼❛①✇❡❧❧✐✲
❡♥♥❡s ❀ ✷✮ ❞ét❡r♠✐♥❡r ❧❛ ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
t♦t❛❧❡ ❡t ❞✉ ♣❛r❛♠ètr❡ κ ♣♦✉r ❧❡ ✈❡♥t ♣♦❧❛✐r❡ r❛♣✐❞❡ ❡♥ ❡①♣❛♥s✐♦♥ s♣❤ér✐q✉❡ à
✈✐t❡ss❡ ❝♦♥st❛♥t❡✳ ▲❡s ♣r♦✜❧s ❞✬é✈♦❧✉t✐♦♥ ❛✐♥s✐ ♦❜t❡♥✉s ❡♥tr❡ ✶✳✺ ❡t ✷✳✸ ❯❆ s♦♥t
❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡s ♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s ✿ ✉♥ ♣❛r❛♠ètr❡ κ
❝♦♥st❛♥t ❡t ✉♥❡ é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ✉♥❡ ✈❛r✐❛t✐♦♥ ❛❞✐✲
❛❜❛t✐q✉❡ ❡t ✐s♦t❤❡r♠❡✱ ❛✈❡❝ ✉♥❡ ♣❡♥t❡ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ♣♦✉r ❧❛ t❡♠♣ér❛t✉r❡ ❞✉
❝÷✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s✳

▲✬ét✉❞❡ ❞❡s s♣❡❝tr❡s ♠❡s✉rés ♣❛r ✉♥ ✐♥str✉♠❡♥t r❛❞✐♦ ♥❡ ♣❡r♠❡t ♣❛s
✉♥✐q✉❡♠❡♥t ❞❡ ♠❡s✉r❡r ❧❡s ♣r♦♣r✐étés ❞✉ ♣❧❛s♠❛ ❛♠❜✐❛♥t ❡t ❞❡s ♦♥❞❡s é❧❡❝✲
tr♦♠❛❣♥ét✐q✉❡s✱ ♠❛✐s é❣❛❧❡♠❡♥t ❞❡ ♠❡s✉r❡r ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ❞❡s ❣r❛✐♥s ❞❡
♣♦✉ss✐èr❡ ✐♠♣❛❝t❛♥t ❧❡ s❛t❡❧❧✐t❡✳ ❆✈❡❝ ❧❡s ♠❡s✉r❡s ❞❡ ❧✬✐♥str✉♠❡♥t ❙✴❲❆❱❊❙
à ❜♦r❞s ❞❡s s♦♥❞❡s ❙❚❊❘❊❖✱ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣♦✉ss✐èr❡s ♥❡ ♠❡s✉r❛♥t q✉❡
q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s✱ ❡t ❛❝❝é❧éré❡s ♣❛r ❧❡ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
✐♥t❡r♣❧❛♥ét❛✐r❡ à ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ❦✐❧♦♠ètr❡s ♣❛s s❡❝♦♥❞❡✱ ❛ été ❞é❝♦✉✲
✈❡rt❡✳ ❏✬❛✐ ❛❧♦rs ❡✛❡❝t✉é ❧✬❛♥❛❧②s❡ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡ tr♦✐s ❛♥♥é❡s ❞❡ ❞♦♥♥é❡s
❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ♣r♦♣r✐étés ❞❡ ❝❡s ♣♦✉ss✐èr❡s✱ ❛✐♥s✐ q✉❡ ❧❡✉r ✢✉① à ✶ ❯❆✳
❆✉ ✈✉ ❞❡ ❝❡s rés✉❧t❛ts✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❡s ♥❛♥♦ ♣♦✉ss✐èr❡s s♦✐❡♥t ♣r♦❞✉✐t❡s ♣❛r
❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❞❡ ♣❧✉s ❣r♦ss❡s ♣❛rt✐❝✉❧❡s ❧♦rs ❞❡ ❝♦❧❧✐s✐♦♥s✳ ❯♥ t❡❧ ♣r♦❝❡s✲
s✉s ♥✬✐♠♣❧✐q✉❡ ♣❛s ❧❡s ✈❛r✐❛t✐♦♥s t❡♠♣♦r❡❧❧❡s ❞✉ ✢✉① ♦❜s❡r✈é❡s s✉r ❙❚❊❘❊❖✳
❈❡❧❧❡s✲❝✐ ♣♦✉rr❛✐❡♥t êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ✈❛r✐❛t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠✐✲
❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ✭❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♦✉ ❞✉ ✈❡♥t s♦❧❛✐r❡✮ ♣❡r♠❡tt❛♥t ❧❛
❧✐❜ér❛t✐♦♥ s♣♦r❛❞✐q✉❡ ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ♣✐é❣é❡s ♣rès ❞✉ ❙♦❧❡✐❧✳ ▲❛ r❡❝❤❡r❝❤❡
❞❡ ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s ♣❛r❛♠ètr❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡t ❧❡ ✢✉① ❞❡ ♥❛♥♦ ♣♦✉s✲
s✐èr❡s ♣❡r♠❡ttr❛✐t ❞❡ ✈❛❧✐❞❡r ❝❡tt❡ ❤②♣♦t❤ès❡✳

❉❛♥s ❧❡ ❝❛s ❞❡s ♥❛♥♦ ♣♦✉ss✐èr❡s✱ ❧❡ ✈❡♥t s♦❧❛✐r❡ ♣❡r♠❡t ❞❡ ❧❡s ❛❝❝é❧ér❡r
❥✉sq✉✬à ❞❡s ✈✐t❡ss❡s ♣❡r♠❡tt❛♥t ❧❡✉r ♦❜s❡r✈❛t✐♦♥✱ ♠❛✐s ✐❧ ❡①✐st❡ é❣❛❧❡♠❡♥t
❞✬❛✉tr❡s ❢♦r♠❡s ❞✬✐♥t❡r❛❝t✐♦♥s ♣❧❛s♠❛✲♣♦✉ss✐èr❡s q✉✐ ♠♦❞✐✜❡♥t ❧❡s ♣r♦♣r✐étés
❞✉ ✈❡♥t s♦❧❛✐r❡ ❡t ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡✳ ❈✬❡st ♣❛r ❡①❡♠♣❧❡ ❧❡
❝❛s ❞❡s ❛✉❣♠❡♥t❛t✐♦♥s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛♣♣❡❧é❡s ✧■♥t❡r♣❧❛♥❡t❛r② ♠❛❣✲
♥❡t✐❝ ❋✐❡❧❞ ❊♥❤❛♥❝❡♠❡♥ts✧ ✭■❋❊✮✳ ❈❡s é✈è♥❡♠❡♥ts ♦❜s❡r✈❛❜❧❡s ❞❛♥s t♦✉t❡
❧✬❤é❧✐♦s♣❤èr❡ s♦♥t s✉♣♣♦sés êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛ r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡ ✈❡♥t
s♦❧❛✐r❡ ❡t ✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡s ❝♦♠ét❛✐r❡s✳ ▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❡♥
✐♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣❡♥❞❛♥t ❧❡s ■❋❊ ♦❜s❡r✈é❡s ♣❛r ❯❧②ss❡ ❛ ♣❡r♠✐s ❞❡ ❞ét❡❝t❡r✱
❞❛♥s ✉♥ s❡✉❧ ❝❛s✱ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❡♥ ❢❡r ✐♦♥✐sé ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝



✽✾

❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡s à ❧✬♦r✐❣✐♥❡ ❞✉ ♣❤é♥♦♠è♥❡✳ ❈❡♣❡♥❞❛♥t✱
❧❡ ♣r♦❝❡ss✉s ♣❤②s✐q✉❡ ♣r♦♣♦sé ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ■❋❊ ♥❡ ♣❡r♠❡t ♣❛s✱ q✉❛♥t✐t❛✲
t✐✈❡♠❡♥t✱ ❞❡ ♣r♦❞✉✐r❡ ❧❡ ♥♦♠❜r❡ ❡t ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ■❋❊ ♦❜s❡r✈é❡s✳ ■❧ ❛♣♣❛r❛ît
❞♦♥❝ ♥é❝❡ss❛✐r❡✱ s♦✐t ❞❡ ♠♦❞✐✜❡r ❧❡s ♠♦❞è❧❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❣❛③ ♣❛r ❧❡s
tr❛î♥é❡s✱ s♦✐t ❞❡ tr♦✉✈❡r ✉♥ ♥♦✉✈❡❛✉ ♣r♦❝❡ss✉s ♣❤②s✐q✉❡ ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s
■❋❊✱ ♦✉ ❡♥❝♦r❡ ❞❡ r❡❝❤❡r❝❤❡r ✉♥❡ tr❛î♥é❡ ❞❡ ♣♦✉ss✐èr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ❞❡♥s❡
q✉✬♦❜s❡r✈é❡ à ❝❡ ❥♦✉r✳ P♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛✉tr❡s ■❋❊ ❞♦♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❛
été ét✉❞✐é❡✱ ❛✉❝✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ♥✬❛ été ♦❜s❡r✈é❡✱ ❝❡ q✉✐
♣♦✉rr❛✐t êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧✬❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞✉ ♣❧❛s♠❛ ❛✈❛♥t ❧❛ ❞ét❡❝✲
t✐♦♥ ❞✬✉♥❡ ■❋❊✳

▲✬❡♥s❡♠❜❧❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ✐♥ s✐t✉ ❡t ❞❡s t❤é♦r✐❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ♣❡r♠❡✲
tt❡♥t ❞✬❛✉❣♠❡♥t❡r ♥♦tr❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❛✉tr❡s ♣❤é♥♦♠è♥❡s ❞✬é❥❡❝t✐♦♥ ❞❡
♠❛t✐èr❡ ♣❛r ✉♥ ♦❜❥❡t ❛str♦♣❤②s✐q✉❡✱ t❡❧s q✉❡ ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✳ ▲✬♦r❜✐t❡ ❡t
❧❛ ❧♦♥❣é✈✐té ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❡t ❞❡ s❡s ✐♥str✉♠❡♥ts ♠✬❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r
q✉❡ ❧❛ ♠❡s✉r❡ ❞✉ ✢✉① ❞✬é♥❡r❣✐❡ ❞✉ ✈❡♥t ♣♦✉rr❛✐t êtr❡ ✉♥❡ ♦❜s❡r✈❛❜❧❡ ♣❧✉s
❛❞❛♣té❡ à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡s q✉❡ ❧❡ ✢✉① ❞❡ ♠❛ss❡✳ ❊♥ ❡✛❡t✱
❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ✈❡♥t s♦❧❛✐r❡ s✬❛✈èr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s st❛❜❧❡
t❡♠♣♦r❡❧❧❡♠❡♥t ❡t s♣❛t✐❛❧❡♠❡♥t q✉❡ ❧❡ ✢✉① ❞❡ ♠❛ss❡✳ ▲✬ét✉❞❡ ❞✬✉♥ é✈❡♥t❛✐❧ ❞❡
✈❡♥ts st❡❧❧❛✐r❡s ♠♦♥tr❡ q✉❡ ❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❡st ♣r❛t✐q✉❡♠❡♥t ❝♦♥st❛♥t ♣♦✉r
❧❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ❡t ❧❡s ❣é❛♥t❡s ❢r♦✐❞❡s✳ ❈❡❧❛ s✉❣❣èr❡ ✉♥ ♣r♦❝❡ss✉s
❝♦♠♠✉♥ à ❧✬♦r✐❣✐♥❡ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡s✳

▲✬❛✈❡♥✐r ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ s✬❛♥♥♦♥❝❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡s✲
s❛♥t✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♣❡rs♦♥♥❡❧✱ ❡t à ♣❧✉s ♦✉ ♠♦✐♥s ❝♦✉rt t❡r♠❡✱ ❥❡ ✈❛✐s ♣♦✉✲
✈♦✐r ❛♣♣❧✐q✉❡r ❧❛ ♠ét❤♦❞❡ ❞❡ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❛✈❡❝ ✉♥❡
❢♦♥❝t✐♦♥ ❦❛♣♣❛ q✉❡ ❥✬❛✐ ♠✐s❡ ❛✉ ♣♦✐♥t à ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s r❛❞✐♦ ♦❜t❡♥✉❡s
♣❛r ❧❡s ✐♥str✉♠❡♥t s♣❛t✐❛✉① t❡❧s q✉❡ ❯❘❆P s✉r ❧❛ s♦♥❞❡ ❯❧②ss❡ ❡t ❲❆❱❊❙ s✉r
❧❡ s❛t❡❧❧✐t❡ ❲■◆❉✳ ▲✬ét✉❞❡ ❞❡ ❝❡t ❡♥s❡♠❜❧❡ ❞❡ ❞♦♥♥é❡s✱ q✉✐ ❝♦✉✈r❡ ✶✽ ❛♥♥é❡s
♣♦✉r ❯❧②ss❡ ❡t ✶✺ ♣♦✉r ❲■◆❉✱ ♣❡r♠❡ttr❛ ❞✬ét✉❞✐❡r ❧❡s ♣r♦♣r✐étés à ❣r❛♥❞❡
é❝❤❡❧❧❡ ❞✉ ✈❡♥t s♦❧❛✐r❡ à t♦✉t❡s ❧❡s ❧❛t✐t✉❞❡s ❤é❧✐♦❝❡♥tr✐q✉❡s✱ ❛✐♥s✐ q✉❡ s✉r ✉♥
❝②❝❧❡ ❞✬❛❝t✐✈✐té ❝♦♠♣❧❡t✳ ■❧ s❡r❛ ❛❧♦rs ♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧✬é✈♦❧✉t✐♦♥ ❞✉ ✈❡♥t
s♦❧❛✐r❡ ❛✈❡❝ ❧✬❛❝t✐✈✐té ❞✉ ❙♦❧❡✐❧✳ P❛r❛❧❧è❧❡♠❡♥t ❛✈❡❝ ❝❡ tr❛✐t❡♠❡♥t s②sté♠❛t✐q✉❡
❞❡s ❞♦♥♥é❡s✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ♠♦❞è❧❡ ❡①♦s♣❤ér✐q✉❡ t❡♥❛♥t ❝♦♠♣t❡ ❞✬✉♥
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s♣✐r❛❧ ♣❧✉s ré❛❧✐st❡ à ❜❛ss❡s ❧❛t✐t✉❞❡s✱ q✉✐ ♣♦✉rr❛✐t ♣❡r♠❡✲
ttr❡✱ à t❡r♠❡✱ ❞✬é❧❛❜♦r❡r ✉♥ ♠♦❞è❧❡ ❡①♦s♣❤ér✐q✉❡ tr✐✲❞✐♠❡♥s✐♦♥♥❡❧ ❣❧♦❜❛❧ ❞❡
❧✬❤é❧✐♦s♣❤èr❡✳

❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♣❧✉s ❣❧♦❜❛❧✱ ❧❡s ❢✉t✉r❡s ♠✐ss✐♦♥s s♣❛t✐❛❧❡s ❛❞❛♣té❡s à ❧❛
♠❡s✉r❡ ❞❡s ♣❛r❛♠ètr❡s ❞✉ ✈❡♥t s♦❧❛✐r❡ ♦♥t ♣♦✉r ♣♦✐♥t ❝♦♠♠✉♥ ❞❡ s✬❛♣♣r♦❝❤❡r
❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞✉ ❙♦❧❡✐❧✱ ❡t ♣❛r ❝♦♥séq✉❡♥t ❞❡ ❧❛ ③♦♥❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞✉ ✈❡♥t
s♦❧❛✐r❡✳ ▲✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❝❡tt❡ t❡rr❛ ✐♥❝♦❣♥✐t❛✱ ❝♦✉♣❧é❡ à ❧❛ ♠❛t✉r✐té t♦✉❥♦✉rs
❣r❛♥❞✐ss❛♥t❡ ❞❡s ✐♥str✉♠❡♥ts ❡t ♠ét❤♦❞❡s ❞❡ ♠❡s✉r❡ ❞❡s ♣❧❛s♠❛s s♣❛t✐❛✉①



✾✵ ❈❤❛♣✐tr❡ ✾✳ ❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s

❛✉❣✉r❡ ❞✬✉♥ ❛✈❡♥✐r ♣❛ss✐♦♥♥❛♥t ♣♦✉r ❧❡s ♣❤②s✐❝✐❡♥s s♦❧❛✐r❡s✳



❆♥♥❡①❡ ❆

▲❡s ♠✐ss✐♦♥s ❡t ❧❡s ✐♥str✉♠❡♥ts
✉t✐❧✐sés ❞❛♥s ❝❡tt❡ t❤ès❡

❙♦♠♠❛✐r❡
❆✳✶ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

❆✳✶✳✶ ▲✬♦❞②ssé❡ ❞✬❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

❆✳✶✳✷ ▲❛ s❝✐❡♥❝❡ ❡t ❯❧②ss❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

❆✳✶✳✸ ▲✬✐♥str✉♠❡♥t r❛❞✐♦ ❯❘❆P ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

❆✳✶✳✹ ▲✬❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s ❙❲❖❖P❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

❆✳✶✳✺ ▲✬❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s ❙❲■❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

❆✳✶✳✻ ▲❡s ♠❛❣♥ét♦♠ètr❡s ❱❍▼✴❋●▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

❆✳✷ ▲❛ ♠✐ss✐♦♥ ❲■◆❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

❆✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

❆✳✷✳✷ ▲✬✐♥str✉♠❡♥t ❙❲❊✴❋❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

❆✳✸ ▲❛ ♠✐ss✐♦♥ ❙❚❊❘❊❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

❆✳✸✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

❆✳✸✳✷ ▲✬✐♥str✉♠❡♥t ❙✴❲❆❱❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

❆✳✶ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡

❆✳✶✳✶ ▲✬♦❞②ssé❡ ❞✬❯❧②ss❡

❯❧②ss❡ ❡st ✉♥❡ s♦♥❞❡ ♥é❡ ❞❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡♥tr❡ ❧✬❊✳❙✳❆✳ ✶ ❡t ❧❛ ◆✳❆✳❙✳❆✳ ✷✱
♣❡s❛♥t ✸✼✵ ❦❣ ❡t q✉✐ ❢✉t ❧❛♥❝é❡ ❧❡ ✵✻ ♦❝t♦❜r❡ ✶✾✾✵ ♣❛r ❧❛ ♥❛✈❡tt❡ ❉✐s❝♦✈❡r②✳

❆✉ ♠ê♠❡ t✐tr❡ q✉❡ s♦♥ ❤♦♠♦♥②♠❡ ❣r❡❝✱ ❧❛ s♦♥❞❡ ❯❧②ss❡ ❛ ❢❛✐t ✉♥ ✈♦②❛❣❡
❛t②♣✐q✉❡✳ ❊❧❧❡ ❡st ❧❛ ♣r❡♠✐èr❡ ❡t✱ à ❝❡ ❥♦✉r✱ ❧❛ s❡✉❧❡ s♦♥❞❡ ❛ ❛✈♦✐r ❡✉ ✉♥❡
♦r❜✐t❡ ❡❧❧✐♣t✐q✉❡ ❤♦rs ❞✉ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳ ❈❡tt❡ tr❛❥❡❝t♦✐r❡ ♣❛rt✐❝✉❧✐èr❡ ❡st
❝❡♥tré❡ s✉r ❧❡ ❙♦❧❡✐❧ ❡t ❞✬✐♥❝❧✐♥❛✐s♦♥ 80.2◦ ✭s♦✐t ♣r❛t✐q✉❡♠❡♥t ◆♦r❞✴❙✉❞✮✳ ▲❛
♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ ♣ér✐♣❧❡ ❛ ❝♦♥s✐sté ❡♥ ✉♥ ✈♦②❛❣❡ ❞❡ ✶✽ ♠♦✐s ❞❛♥s ❧❡ ♣❧❛♥

✶✳ ❊✉r♦♣❡❛♥ ❙♣❛❝❡ ❆❣❡♥❝②✳
✷✳ ◆❛t✐♦♥❛❧ ❆❡r♦♥❛✉t✐❝s ❛♥❞ ❙♣❛❝❡ ❆❞♠✐♥✐str❛t✐♦♥✳



✾✷ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

1996

1997

1998

1991

1993

1994

1995

1992

Ulysses
First Solar Orbit

Feb 1992

Jupiter Fly-by

North Polar Pass

Jun-Sep 1995

South Polar Pass

Jun-Nov 1994

Perihelion

Mar 1995

Earth Orbit

Jupiter Orbit

Sun

Launch

06.10.1990

Ulysses position on 01.10.1997

❋✐❣✉r❡ ❆✳✶ ✕ Pr❡♠✐èr❡ ♦r❜✐t❡ ❞✬❯❧②ss❡ ❛✉t♦✉r ❞✉ ❙♦❧❡✐❧✳ ▲❛ tr❛❥❡❝t♦✐r❡ ❞✉
s❛t❡❧❧✐t❡ ❡st r❡♣rés❡♥té❡ ♣❛r ❧❡ tr❛✐t é♣❛✐s ♥♦✐r✳ ▲❡s ♣♦✐♥ts ✐♥❞✐q✉❡♥t ❧❛ ♣♦s✐t✐♦♥
❞✬❯❧②ss❡ ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ❛♥♥é❡✳ ▲❡s ♦r❜✐t❡s ❞❡ ❧❛ ❚❡rr❡ ❡t ❞❡ ❏✉♣✐t❡r
s♦♥t ✐♥❞✐q✉é❡s ❡♥ ❣r✐s✱ ❛✐♥s✐ q✉❡ ❧❡ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳ ▲✬♦r❜✐t❡ ❞✬❯❧②ss❡ ❡st
r❡♣rés❡♥té❡ ❛✈❡❝ ✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ✶✺ ❞❡❣rés ❛✉✲❞❡ss✉s ❞✉ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳

❞❡ ❧✬é❝❧✐♣t✐q✉❡✱ ♠❡♥❛♥t ❧❛ s♦♥❞❡ ❞❡ ❧❛ ❚❡rr❡ à ❏✉♣✐t❡r✳ ❈❡tt❡ ♣r❡♠✐èr❡ ♣❤❛s❡ s❡
t❡r♠✐♥❛ ❡♥ ❢é✈r✐❡r ✶✾✾✷✱ ❛✈❡❝ ❧❛ s♦rt✐❡ ❞✬❯❧②ss❡ ❞✉ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡ ♣❛r ❡✛❡t
❞❡ ❢r♦♥❞❡✱ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❢♦r❝❡ ❞❡ ❣r❛✈✐t❛t✐♦♥ ❞❡ ❏✉♣✐t❡r✳ ▲❛ ❞❡✉①✐è♠❡ ♣❤❛s❡ ❞❡
❧❛ ♠✐ss✐♦♥ ❝♦♠♠❡♥ç❛ ❛❧♦rs✱ ❝♦♥s✐st❛♥t ❡♥ ✉♥❡ ♦r❜✐t❡ ❞❡ 6.2 ❛♥s✱ ❤♦rs é❝❧✐♣t✐q✉❡✱
❛✈❡❝ ✉♥ ❛♣❤é❧✐❡ à 5.4❯❆ ❡t ✉♥ ♣ér✐❤é❧✐❡ à 1.6❯❆✱ ❞é❝r✐t❡ ♣❛r ❧❛ ✜❣✉r❡ ❆✳✶✳
▲✬♦r❜✐t❡ ❞❡ ❧❛ s♦♥❞❡ ♣❡✉t êtr❡ sé♣❛ré❡ ❡♥ ❞❡✉① ♣❛rt✐❡✱ ❧✬✉♥❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉
♣❛ss❛❣❡ r❛♣✐❞❡ ❞✉ ♣ô❧❡ ❙✉❞ ❛✉ ♣ô❧❡ ◆♦r❞ ❧♦rsq✉❡ ❯❧②ss❡ ❡st ❧❡ ♣❧✉s ♣rès ❞✉
❙♦❧❡✐❧✱ ❧✬❛✉tr❡ ét❛♥t ❧❡ ❧♦♥❣ ♣ér✐♣❧❡ ❛♠❡♥❛♥t ❧❡ s❛t❡❧❧✐t❡ ❞✉ ♣ô❧❡ ❙✉❞ ❛✉ ♣ô❧❡
◆♦r❞ ❡♥ ♣❛ss❛♥t ♣❛r ❧✬❛♣❤é❧✐❡ à 5.4❯❆✳ ▲❡ ♣r❡♠✐❡r ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡ ♣ô❧❡ à
♣ô❧❡ ❡✉t ❧✐❡✉ ❡♥tr❡ s❡♣t❡♠❜r❡ ✶✾✾✹ ❡t s❡♣t❡♠❜r❡ ✶✾✾✺✱ ❞❛♥s ✉♥❡ ♣ér✐♦❞❡ ♣r♦❝❤❡
❞✉ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✳

▲❛ s♦♥❞❡ ❝♦♥t✐♥✉❛ s♦♥ ✈♦②❛❣❡ ❡♥ ❡✛❡❝t✉❛♥t ❞❡✉① ❛✉tr❡s ♦r❜✐t❡s ❛✉t♦✉r
❞✉ ❙♦❧❡✐❧✳ ▲❛ ❞❡✉①✐è♠❡✱ ❞é❝r✐t❡ ♣❛r ❧❛ ✜❣✉r❡ ❆✳✷✱ ❛✈❡❝ ✉♥ ♣❛ss❛❣❡ r❛♣✐❞❡ ❞❡
♣ô❧❡ à ♣ô❧❡ ❡♥tr❡ ✷✵✵✵ ❡t ✷✵✵✶✱ ❛❧♦rs q✉❡ ❧✬❛❝t✐✈✐té ❞✉ ❙♦❧❡✐❧ ét❛✐t ♠❛①✐♠✉♠✱
❡t ❧❛ tr♦✐s✐è♠❡✱ r❡♣rés❡♥té❡ s✉r ❧❛ ✜❣✉r❡ ❆✳✸✱ ❛✈❡❝ ✉♥ ♣❛ss❛❣❡ r❛♣✐❞❡ ❡♥ ✷✵✵✼
❞❡ ♥♦✉✈❡❛✉ ❡♥ ♣ér✐♦❞❡ ♣r♦❝❤❡ ❞✉ ♠✐♥✐♠✉♠ ❞✬❛❝t✐✈✐té s♦❧❛✐r❡✳ ❈❡tt❡ tr♦✐s✐è♠❡
♦r❜✐t❡ ❢✉t ♠❛rq✉é❡✱ ❡♥tr❡ ❛✉tr❡s✱ ♣❛r ❧✬é♣✉✐s❡♠❡♥t ❞❡s r❡ss♦✉r❝❡s ❞✬é♥❡r❣✐❡
❞✬❯❧②ss❡✱ ❥✉sq✉✬à ❝❡ q✉❡ ❧❛ ♠✐ss✐♦♥ ❯❧②ss❡ s♦✐t ♦✣❝✐❡❧❧❡♠❡♥t s✉s♣❡♥❞✉❡ ❡♥
❥✉✐♥ ✷✵✵✾✳



❆✳✶✳ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✾✸

(1998)

1999

2000

2002

2003

2004

2001

Ulysses
Second Solar Orbit

June 2004

Aphelion

North Polar Pass

Sep-Dec 2001

South Polar Pass

Sep 2000-Jan 2001

Perihelion

May 2001

Earth Orbit

Jupiter

Sun

Ulysses position on 01.07.2003

❋✐❣✉r❡ ❆✳✷ ✕ ❙❡❝♦♥❞❡ ♦r❜✐t❡ ❞✬❯❧②ss❡ ❛✉t♦✉r ❞✉ ❙♦❧❡✐❧✳ ▲❛ tr❛❥❡❝t♦✐r❡ ❞✉
s❛t❡❧❧✐t❡ ❡st r❡♣rés❡♥té❡ ♣❛r ❧❡ tr❛✐t é♣❛✐s ♥♦✐r✳ ▲❡s ♣♦✐♥ts ✐♥❞✐q✉❡♥t ❧❛ ♣♦s✐t✐♦♥
❞✬❯❧②ss❡ ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ❛♥♥é❡✳ ▲❡s ♦r❜✐t❡s ❞❡ ❧❛ ❚❡rr❡ ❡t ❞❡ ❏✉♣✐t❡r
s♦♥t ✐♥❞✐q✉é❡s ❡♥ ❣r✐s✱ ❛✐♥s✐ q✉❡ ❧❡ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳ ▲✬♦r❜✐t❡ ❞✬❯❧②ss❡ ❡st
r❡♣rés❡♥té❡ ❛✈❡❝ ✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ✶✺ ❞❡❣rés ❛✉✲❞❡ss✉s ❞✉ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳



✾✹ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

2002

2003

2004

2005

2006

2007

2008

Ulysses
Third Solar Orbit

June 2004

Aphelion

North Polar Pass
Nov 2007-Mar 2008

South Polar Pass
Nov 2006-Apr 2007

Ulysses position on 01.03.2006

Jupiter

Perihelion

Aug 2007

Earth Orbit

Sun

❋✐❣✉r❡ ❆✳✸ ✕ ❚r♦✐s✐è♠❡ ❡t ❞❡r♥✐èr❡ ♦r❜✐t❡ ❞✬❯❧②ss❡ ❛✉t♦✉r ❞✉ ❙♦❧❡✐❧✳ ▲❛ tr❛❥❡❝✲
t♦✐r❡ ❞✉ s❛t❡❧❧✐t❡ ❡st r❡♣rés❡♥té❡ ♣❛r ❧❡ tr❛✐t é♣❛✐s ♥♦✐r✳ ▲❡s ♣♦✐♥ts ✐♥❞✐q✉❡♥t
❧❛ ♣♦s✐t✐♦♥ ❞✬❯❧②ss❡ ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ❛♥♥é❡✳ ▲❡s ♦r❜✐t❡s ❞❡ ❧❛ ❚❡rr❡ ❡t
❞❡ ❏✉♣✐t❡r s♦♥t ✐♥❞✐q✉é❡s ❡♥ ❣r✐s✱ ❛✐♥s✐ q✉❡ ❧❡ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✳ ▲✬♦r❜✐t❡
❞✬❯❧②ss❡ ❡st r❡♣rés❡♥té❡ ❛✈❡❝ ✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ✶✺ ❞❡❣rés ❛✉✲❞❡ss✉s ❞✉ ♣❧❛♥
❞❡ ❧✬é❝❧✐♣t✐q✉❡✳



❆✳✶✳ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✾✺

❋✐❣✉r❡ ❆✳✹ ✕ ❙❝❤é♠❛ ❞❡s❝r✐♣t✐❢ ❞✬❯❧②ss❡ ❡t ❞❡ s❡s ✐♥str✉♠❡♥ts s❝✐❡♥t✐✜q✉❡s✳

❆✳✶✳✷ ▲❛ s❝✐❡♥❝❡ ❡t ❯❧②ss❡

❆✉ ❝♦✉rs ❞❡ s❛ ✈✐❡✱ ❯❧②ss❡ ét✉❞✐❛ ❧❡s ♣r♦♣r✐étés tr✐✲❞✐♠❡♥s✐♦♥♥❡❧s ❞❡s r❛②♦♥s
❝♦s♠✐q✉❡s ❣❛❧❛❝t✐q✉❡s✱ ❞❡s ♣❛rt✐❝✉❧❡s é♥❡r❣ét✐q✉❡s s♦❧❛✐r❡s✱ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡t
❞❡s ♣❛rt✐❝✉❧❡s ✐♥t❡rst❡❧❧❛✐r❡s ♣é♥étr❛♥t ❧✬❤é❧✐♦s♣❤èr❡✳ ❊t✱ ❞❡ ♣❛rt s❛ ❧♦♥❣é✈✐té✱ ❧❛
s♦♥❞❡ ♣❡r♠✐t é❣❛❧❡♠❡♥t ❧❛ ♣❧✉s ❧♦♥❣✉❡ ♦❜s❡r✈❛t✐♦♥ ❝♦♥t✐♥✉❡ ❞✉ ❙♦❧❡✐❧ à ❝❡ ❥♦✉r✳
▲❛ t❛❜❧❡ ❆✳✶ ❡t ❧❛ ✜❣✉r❡ ❆✳✹ ♣rés❡♥t❡♥t ✉♥❡ ✈✉❡ ❞✬❡♥s❡♠❜❧❡ ❞❡s ✐♥✈❡st✐❣❛t✐♦♥s
❞✬❯❧②ss❡ ❡t ❞❡s ✐♥str✉♠❡♥ts s❝✐❡♥t✐✜q✉❡s ❛ss♦❝✐és✳

■♥✈❡st✐❣❛t✐♦♥ ❆❝r♦♥②♠❡ Pr✐♥❝✐♣❛❧ ■♥✈❡st✐❣❛t♦r ▼❡s✉r❡s

❝❤❛♠♣ ❱❍▼✴❋●▼ ❆✳ ❇❛❧♦❣❤✱ ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s
♠❛❣♥ét✐q✉❡ ■♠♣❡r✐❛❧ ❈♦❧❧❡❣❡✱ ❡t t❡♠♣♦r❡❧❧❡s ❞✉

▲♦♥❞♦♥ ✭❯❑✮ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
✐♥t❡r♣❧❛♥ét❛✐r❡ ✿
❞❡ ✵✳✵✶ à ✹✹✵✵✵ ♥❚

♣❧❛s♠❛ ❞✉ ✈❡♥t ❙❲❖❖P❙ ❉✳❏✳ ▼❝❈♦♠❛s✱ ♣r♦t♦♥s ❡t He2+ ✿
s♦❧❛✐r❡ ❙♦✉t❤ ❲❡st ❘❡s❡❛r❝❤ ❞❡ ✷✻✵ ❡❱✴q

■♥st✐t✐✉t❡ ✭❯❙❆✮ à ✸✺ ❦❡❱✴q
é❧❡❝tr♦♥s ✿
❞❡ ✵✳✽ à ✽✻✵ ❡❱



✾✻ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

❝♦♠♣♦s✐t✐♦♥ ❙❲■❈❙ ❏✳ ●❡✐ss✱ ❝♦♠♣♦s✐t✐♦♥✱
❡♥ ✐♦♥s ❞✉ ✈❡♥t ❯♥✐✈✳ ♦❢ ❇❡r♥ ✭❈❍✮ t❡♠♣ér❛t✉r❡
s♦❧❛✐r❡ ●✳ ●❧♦❡❝❦❡❧r✱ ❡t ✈✐t❡ss❡ ♠♦②❡♥♥❡

❯♥✐✈✳ ♦❢ ❞❡s ✐♦♥s ✿
▼❛r②❧❛♥❞ ✭❯❙❆✮ ❞❡ ✶✹✺ ❦♠✴s ✭H+✮

à ✶✸✺✵ ❦♠✴s ✭Fe8+✮

♦♥❞❡s r❛❞✐♦s ❯❘❆P ❘✳❏✳ ▼❛❝❉♦✇❛❧❧✱ ♦♥❞❡s ♣❧❛s♠❛s✱
❡t ♣❧❛s♠❛s ◆❆❙❆✴●❙❋❈ ✭❯❙❆✮ ❡♠✳ r❛❞✐♦✱

❞❡♥s✐té ❞❡s
é❧❡❝tr♦♥s✱ ❝❤❛♠♣
é❧❡❝tr✐q✉❡ ❀
♣❧❛s♠❛ ✿ ✵ ✲ ✻✵ ❦❍③ ❀
r❛❞✐♦ ✿ ✶ ✲ ✾✹✵ ❦❍③ ❀
♠❛❣♥❡t✐q✉❡ ✿ ✶✵ ✲ ✺✵✵ ❍③

♣❛rt✐❝✉❧❡s ❊P❆❈✴●❆❙ ◆✳ ❑r✉♣♣✱ ❝♦♠♣♦s✐t✐♦♥
é♥❡r❣ét✐q✉❡s ▼P❆❡✱ ▲✐♥❞❛✉ ✭❉✮ ❞❡s ✐♦♥s
❡t ❣❛③ ♥❡✉tr❡ é♥❡r❣ét✐q✉❡s ✿
✐♥t❡rst❡❧❧❛✐r❡ ❞❡ ✽✵❦❡❱✴♥ à ✶✺ ▼❡❱✴♥

♣❛rt✐❝✉❧❡s ❍■✲❙❈❆▲❊ ▲✳❏✳ ▲❛♥③❡r♦tt✐✱ ✐♦♥s ✿
❞❡ ❜❛ss❡ ❆❚✫ ❚ ❇❡❧❧ ▲❛❜s✱ ❞❡ ✺✵ ❦❡❱ à ✺ ▼❡❱ ❀
é♥❡r❣✐❡ ◆❡✇ ❏❡rs❡② ✭❯❙❆✮ é❧❡❝tr♦♥s ✿

❞❡ ✸✵ à ✸✵✵ ❦❡❱

r❛②♦♥s ❈❖❙P■◆ ❘✳❇✳ ▼❝❑✐❜❜❡♥✱ r❛②♦♥s ❝♦s♠✐q✉❡s
❝♦s♠✐q✉❡s ❡t ❯♥✐✈✳ ♦❢ ◆❡✇ ❡t ♣❛rt✐❝✉❧❡s
s♦❧❛✐r❡s ❍❛♠♣s❤✐r❡ ✭❯❙❆✮ é♥❡r❣ét✐q✉❡s

✐♦♥s ✿ ✵✳✸ ✲ ✻✵✵ ▼❡❱✴♥
é❧❡❝tr♦♥s ✿ ✹ ✲ ✷✵✵✵ ▼❡❱

r❛②♦♥s ❳ ●❘❇ ❑✳ ❍✉r❧❡②✱ ér✉♣t✐♦♥s
s♦❧❛✐r❡s ❡t ❯❈ ❇❡r❦❡❧❡② ✭❯❙❆✮ s♦❧❛✐r❡s ❡t
r❛②♦♥s ❣❛♠♠❛ r❛②♦♥s ❣❛♠♠❛
❝♦s♠✐q✉❡s ❝♦s♠✐q✉❡s ✿

✶✺ ✲ ✶✺✵ ❦❡❱

♣♦✉ss✐èr❡s ❉❯❙❚ ❍✳ ❑rü❣❡r✱ ♣♦✉ss✐èr❡s ✿
❝♦s♠✐q✉❡s ▼P❑✱ ❍❡✐❧❞❡❧❜❡r❣ ✭❉✮ ❞❡ 10−16 à 10−7 ❣



❆✳✶✳ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✾✼

❘❛❞✐♦ ❙❝✐❡♥❝❡

❝♦✉r♦♥♥❡ ❙❈❊ ▼✳❑✳ ❇✐r❞✱ ❞❡♥s✐té✱
s♦❧❛✐r❡ ❯♥✐✈✳ ♦❢ ❇♦♥♥ ✭❉✮ ✈✐t❡ss❡ ❡t

t✉r❜✉❧❡♥❝❡
❞❛♥s ❧❛ ❝♦✉r♦♥♥❡
❡t ❧❡ ✈❡♥t
s♦❧❛✐r❡

♦♥❞❡s ●❲❊ ❇✳ ❇❡rt♦tt✐✱ ❡✛❡t ❉♦♣♣❧❡r
❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❯♥✐✈✳ ♦❢ P❛✈✐❛ ✭■✮ ❞❛♥s ❧❡ s✐❣♥❛❧

r❛❞✐♦ ❞✉ ❙✴❈
❝❛✉sé ♣❛r
❧❡s ♦♥❞❡s
❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s

ét✉❞❡s
✐♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡s

❞✐s❝♦♥t✐♥✉✐tés ▼✳ ❘♦t❤✱ ■❆❙❇ ✭❇✮

♣❡rt❡ ❞❡ ♠❛ss❡ ●✳ ◆♦❝✐✱ ❯♥✐✈✳ ♦❢
❡t ❝♦♠♣♦s✐t✐♦♥ ❋❧♦r❡♥❝❡ ✭■✮
✐♦♥✐q✉❡

❚❛❜❧❡ ❆✳✶ ✕ ▲❡s ✐♥str✉♠❡♥ts s❝✐❡♥t✐✜q✉❡s ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡✳

❆✳✶✳✸ ▲✬✐♥str✉♠❡♥t r❛❞✐♦ ❯❘❆P

❆✳✶✳✸✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡

▲✬❡①♣ér✐❡♥❝❡ ❯❘❆P ✭❯♥✐✜❡❞ ❘❛❞✐♦ ❛♥❞ P❧❛s♠❛✮ ❡st ✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❞❡ ❧❛
◆❆❙❆✴●❙❋❈✱ ❞✉ ▲❊❙■❆✴❖❜s❡r✈❛t♦✐r❡ ❞❡ P❛r✐s✱ ❞❡ ❧✬✉♥✐✈❡rs✐té ❞✉ ▼✐♥♥❡s♦t❛
❡t ❞✉ ❈❊❚P ✭❙t♦♥❡ ❡t ❛❧✳✱ ✶✾✾✷✮✳ ▲❡s ♦❜❥❡❝t✐❢s s❝✐❡♥t✐✜q✉❡s ✐♥✐t✐❛✉① ❞❡ ❝❡tt❡
❡①♣ér✐❡♥❝❡ ♣❡✉✈❡♥t êtr❡ rés✉♠és ♣❛r ✿

✕ ➱t✉❞❡ ❝♦♠♣❧èt❡ ✭❧♦❝❛❧✐s❛t✐♦♥✱ ✐♥t❡♥s✐té✱ ♣♦❧❛r✐s❛t✐♦♥✮ ❞❡s é♠✐ss✐♦♥s r❛❞✐♦
✐♥t❡r♣❧❛♥ét❛✐r❡✱ ❞✬♦r✐❣✐♥❡ s♦❧❛✐r❡ ✭s✉rs❛✉ts ❞❡ t②♣❡ ■■■✱ ■■✱ ❝♦♥t✐♥✉✮ ♦✉
♣❧❛♥ét❛✐r❡ ✭❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s é♠✐ss✐♦♥s ❥♦✈✐❡♥♥❡s ❧♦rs ❞✉ s✉r✈♦❧ ❞❡ ❏✉♣✐t❡r
♣❛r ❯❧②ss❡✮

✕ ❖❜s❡r✈❛t✐♦♥s ❞❡s str✉❝t✉r❡s à ❣r❛♥❞❡s é❝❤❡❧❧❡s ❡t ❞❡ ❧✬❛❝t✐✈✐té
❤é❧✐♦s♣❤ér✐q✉❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡s s✉rs❛✉ts s♦❧❛✐r❡s ✭t②♣❡s ■■✱ ■■■✮ ❡t ❧❡ ❜r✉✐t
t❤❡r♠✐q✉❡ ❝♦♠♠❡ tr❛❝❡✉rs✳



✾✽ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

✕ ▼❡s✉r❡s ✐♥ s✐t✉ ❞❡ ❞✐✈❡rs ♣❛r❛♠ètr❡s ✭❞❡♥s✐té✱ t❡♠♣ér❛t✉r❡✮ ❞✉ ✈❡♥t
s♦❧❛✐r❡ à ❞✐✛ér❡♥t❡s ❧❛t✐t✉❞❡s ❤é❧✐♦❣r❛♣❤✐q✉❡s✳

✕ ➱t✉❞❡ ❞❡s ♦♥❞❡s ❞❡ ♣❧❛s♠❛✱ ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡
❝❛❧♠❡ q✉✬❛ss♦❝✐é❡s ❛✉① ❞✐✛ér❡♥t❡s ❞✐s❝♦♥t✐♥✉✐tés ❡t ♦♥❞❡s ❞❡ ❝❤♦❝ q✉✐
s✬② ♣r♦❞✉✐s❡♥t✳

❆✳✶✳✸✳✷ ■♥str✉♠❡♥t❛t✐♦♥

❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é ❞❡s ✐♥str✉♠❡♥ts ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❯❘❆P ♣❡✉t êtr❡
tr♦✉✈é❡ ❞❛♥s ❙t♦♥❡ ❡t ❛❧✳ ✭✶✾✾✷✮✳ ▲❛ t❛❜❧❡ ❆✳✷ ré✉♥✐t ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐s✲
t✐q✉❡s ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❯❘❆P✳

❚❛❜❧❡ ❆✳✷ ✕ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❯❘❆P✳ ❚✐ré ❞❡ ❙t♦♥❡
❡t ❛❧✳ ✭✶✾✾✷✮✳

❆✳✶✳✹ ▲✬❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s ❙❲❖❖P❙

❆✳✶✳✹✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡

▲❡s ♣r✐♥❝✐♣❛✉① ❜✉ts s❝✐❡♥t✐✜q✉❡s ❞✉ ❙♦❧❛r ❲✐♥❞ ❖❜s❡r✈❛t✐♦♥s ❖✈❡r t❤❡

P♦❧❡s ♦❢ t❤❡ ❙✉♥ ✭❙❲❖❖P❙✮ s♦♥t ✭❇❛♠❡ ❡t ❛❧✳✱ ✶✾✾✷✮ ✿



❆✳✶✳ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✾✾

❋✐❣✉r❡ ❆✳✺ ✕ ❙❝❤é♠❛ ❞✉ ✐♦♥ ❡①♣❡r✐♠❡♥t ♣❛❝❦❛❣❡ ❛✈❡❝ ✉♥❡ ✈✉❡ ❞❡ ❝ôté à
❣❛✉❝❤❡ ❡t ❞❡ ❞❡rr✐èr❡ à ❞r♦✐t❡ ✭❊❙❆ ❙P✲✶✵✺✵✱ ♣✳ ✺✼✮

✕ ♠❡s✉r❡r ❧❡s ❞❡♥s✐tés ❞❡s ♣r♦t♦♥s ❡t ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛s✱
✕ ❞ét❡r♠✐♥❡r ❧❡s t❡♠♣ér❛t✉r❡s ❞❡s ♣r♦t♦♥s ❡t ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛s✱
✕ ♠❡s✉r❡r ❧❛ ✈✐t❡ss❡ ❞✉ ♣❧❛s♠❛ ❤é❧✐♦s♣❤ér✐q✉❡✱
✕ ♠❡s✉r❡r ❧❛ ❞❡♥s✐té ❞❡s é❧❡❝tr♦♥s✱ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s t♦t❛❧❡s✱ ❞✉ ❝÷✉r
❡t ❞✉ ❤❛❧♦✱

✕ ❞ét❡r♠✐♥❡r ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s✱ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s t♦t❛❧❡s✱
❞✉ ❝÷✉r ❡t ❞✉ ❤❛❧♦✱

P♦✉r ❝❡ ❢❛✐r❡✱ ❙❲❖❖P❙ ❡st ❝♦♠♣♦sé ❞❡ ❞❡✉① ❡①♣ér✐❡♥❝❡s ✿ ❧✬✉♥❡ ♣♦✉r ❧❡s
é❧❡❝tr♦♥s✱ ❧✬❛✉tr❡ ♣♦✉r ❧❡s ✐♦♥s✳ ▲❛ s❡❝♦♥❞❡ ❡①♣ér✐❡♥❝❡ ét❛♥t ❝❡❧❧❡ ✉t✐❧✐sé❡ ❧♦rs
❞❡ ❝❡tt❡ t❤ès❡✱ ♥♦✉s ❛❧❧♦♥s ❧❛ ❞é❝r✐r❡ ♣❧✉s ♣ré❝✐sé♠❡♥t✳

❆✳✶✳✹✳✷ ▲✬❡①♣ér✐❡♥❝❡ ✐♦♥✐q✉❡ ❞❡ ❙❲❖❖P❙

▲✬❡①♣ér✐❡♥❝❡ ✐♦♥✐q✉❡ ❞❡ ❙❲❖❖P❙ ❡st ✉♥ ❛♥❛❧②s❡✉r é❧❡❝tr♦st❛t✐q✉❡ à s❡❝✲
t✐♦♥ s♣❤ér✐q✉❡ ❞♦♥t ❧❡ s❝❤é♠❛ ❞❡ ♣r✐♥❝✐♣❡ ❡st ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ❆✳✺✳

❖♥ ❛ ❛✐♥s✐ ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡♥ q✉❛rt ❞❡ s♣❤èr❡ ♣❡r♠❡tt❛♥t ✉♥❡ ♠❡s✉r❡
❞❡ E/q ❡t ❞❡s ❛♥❣❧❡s ♣♦❧❛✐r❡ ❡t ❛③✐♠✉t❛❧ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡✳ ▲❛ sé❧❡❝t✐♦♥
❡♥ é♥❡r❣✐❡ ❡st ♦❜t❡♥✉❡ s❡❧♦♥ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❧✬❛♥❛❧②s❡✉r é❧❡❝tr♦st❛t✐q✉❡ à s❡❝✲
t✐♦♥ ❝♦✉r❜❡✱ s❝❤é♠❛t✐q✉❡♠❡♥t r❡♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ❆✳✻✱ ✐✳❡✳ ❡♥ ❝ré❛♥t ✉♥
❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣❧❛q✉❡s ❝♦✉r❜❛♥t ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡
❡♥tr❛♥t❡✳ ❆✉tr❡♠❡♥t ❞✐t✱ ✉♥❡ ♣❛rt✐❝✉❧❡ ❝❤❛r❣é❡ ❡♥tr❛♥t ❞❛♥s ❧✬❛♥❛❧②s❡✉r ✈❛ ❧❡
tr❛✈❡rs❡r✱ s✉✐✈❛♥t ✉♥❡ ♦r❜✐t❡ ❝✐r❝✉❧❛✐r❡ ❞❡ r❛②♦♥ r✱ s✐ s♦♥ é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ E✱
s❛ ❝❤❛r❣❡ q✱ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ❡♥tr❡ ❧❡s ❞❡✉① ♣❧❛q✉❡s ∆V ✱ ❡t ❧❡s r❛②♦♥s
r1 ❡t r2 ❞❡s ♣❧❛q✉❡s ❡①tér✐❡✉r❡ ❡t ✐♥tér✐❡✉r❡✱ s♦♥t ❧✐és ♣❛r ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿
2E = q∆V/r

(

1
r1

− 1
r2

)

♣♦✉r ✉♥ ❛♥❛❧②s❡✉r s♣❤ér✐q✉❡ t❡❧ q✉❡ r1 < r < r2✳
❉❛♥s ♥♦tr❡ ❝❛s✱ ❧❡s t❡♥s✐♦♥s ❞❡s ♣❧❛q✉❡s ✈♦♥t ❞❡ −13.5❱ à −2070❱ ❞❡ ❢❛ç♦♥



✶✵✵ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

❋✐❣✉r❡ ❆✳✻ ✕ Pr✐♥❝✐♣❡ ❞✬✉♥❡ ❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡ à s❡❝t✐♦♥ ❝♦✉r❜❡

à ❝♦✉✈r✐r ❞❡s é♥❡r❣✐❡s s✬ét❡♥❞❛♥t ❞❡ 255 ❡❱✴q à 34.4 ❦❡❱✴q✳ ▲❡s ♣❧❛q✉❡s ♦♥t
✉♥ r❛②♦♥ ♠♦②❡♥ ❞❡ 100♠♠ ❡t s♦♥t sé♣❛ré❡s ❞❡ 2.84♠♠✳ ▲❛ ♠❡s✉r❡ ❞❡s ❛♥✲
❣❧❡s ✐♥❝✐❞❡♥ts ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡st ❞ét❡r♠✐♥é❡✱ ♣♦✉r ❧✬❛♥❣❧❡ ♣♦❧❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥
❞✉ ❈❊▼ ✸ ❡①❝✐té ♣❛r ❧❛ ♣❛rt✐❝✉❧❡ ❡t✱ ♣♦✉r ❧✬❛♥❣❧❡ ❛③✐♠✉t❛❧✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
r♦t❛t✐♦♥ ❞❡ ❧❛ s♦♥❞❡✱ ❞♦♥t ❧✬❛①❡ ❡st r❡♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ❆✳✺✳ ▲❡s ✶✻ ❈❊▼s✱
sé♣❛rés ❞❡ 5◦ ♣❡r♠❡tt❡♥t ✉♥❡ ♠❡s✉r❡ ❞✬❛♥❣❧❡ ❛❧❧❛♥t ❞❡ 0◦ à 75◦✳

❆✳✶✳✺ ▲✬❛♥❛❧②s❡✉r ❞❡ ♣❛rt✐❝✉❧❡s ❙❲■❈❙

❆✳✶✳✺✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡

▲✬✐♥str✉♠❡♥t ❙❲■❈❙ ✭❙♦❧❛r ❲✐♥❞ ■♦♥ ❈♦♠♣♦s✐t✐♦♥ ❙♣❡❝tr♦♠❡t❡r✮ à ❜♦r❞
❞✬❯❧②ss❡ ❡st ❝♦♥ç✉ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ ❝♦♠♣♦s✐t✐♦♥ é❧é♠❡♥t❛✐r❡✱ ❡t ❧❡s ❞✐✛ér❡♥ts
ét❛ts ❞❡ ❝❤❛r❣❡✱ ❞✉ ✈❡♥t s♦❧❛✐r❡✳ ■❧ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ♠❡s✉r❡r ❧❡s t❡♠♣ér❛✲
t✉r❡s ❡t ❧❡s ✈✐t❡ss❡s ♠♦②❡♥♥❡s ❞❡ t♦✉s ❧❡s ♣r✐♥❝✐♣❛✉① ✐♦♥s ✭●❧♦❡❝❦❧❡r ❡t ❛❧✳✱
✶✾✾✷✮✳ ▲✬✐♥str✉♠❡♥t ❝♦✉✈r❡ ❧❡s ✈✐t❡ss❡s ❞❡s ✐♦♥s ❞❡ 175 ❦♠✴s à 1280 ❦♠✴s ♣♦✉r
❞❡s é♥❡r❣✐❡s ❛❧❧❛♥t ❞❡ 0.16 à 59.6 ❦❡❱✴❡ ❡♥ ❡♥✈✐r♦♥ ✶✸ ♠✐♥✉t❡s✳ P♦✉r ❝❡ ❢❛✐r❡✱
❙❲■❈❙ s❡ ❝♦♠♣♦s❡ ❞✬✉♥ ❛♥❛❧②s❡✉r é❧❡❝tr♦st❛t✐q✉❡ s✉✐✈✐ ♣❛r ✉♥❡ ♠❡s✉r❡ ❞❡
❧✬é♥❡r❣✐❡ ❡t ❞✉ t❡♠♣s ❞❡ ✈♦❧✱ ❝♦♠♠❡ ❝❡❧❛ ❡st r❡♣rés❡♥té s❝❤é♠❛t✐q✉❡♠❡♥t s✉r
❧❛ ✜❣✉r❡ ❆✳✼✳ ❙❡s ♠❡s✉r❡s ❞♦♥♥❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ✿

✕ ❧❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s à ❝❡❧❧❡ ❞❡ ❧✬✐♦♥ O6+ ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛s ❡t ❞❡s ✐♦♥s
s✉✐✈❛♥ts ✿ C6+✱ Ne8+✱ Mg10+✱ Si9+✱ S10+✱ ❡t Fe11+✱

✸✳ ❈❤❛♥♥❡❧ ❊❧❡❝tr♦♥ ▼✉❧t✐♣❧✐❡r



❆✳✶✳ ▲❛ ♠✐ss✐♦♥ ❯❧②ss❡ ✶✵✶

❋✐❣✉r❡ ❆✳✼ ✕ ❙❝❤é♠❛ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ♠❡s✉r❡s ❡♠♣❧♦②é❡s ♣❛r ❙❲■❈❙✳

✕ ❧❡s t❡♠♣ér❛t✉r❡s ❞❡s ✐♦♥s ♣ré❝é❞❡♠♠❡♥t ❝✐tés✱
✕ ❧❡s ✈✐t❡ss❡s ❡♥ ❞❡s ✐♦♥s ♣ré❝é❞❡♠♠❡♥t ❝✐tés✳

❆✳✶✳✺✳✷ ■♥str✉♠❡♥t❛t✐♦♥

▲✬✐♥str✉♠❡♥t ❙❲■❈❙ ❡st ❜❛sé s✉r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞✬✉♥❡ ❞é✈✐❛t✐♦♥ é❧❡❝tr♦✲
st❛t✐q✉❡✱ ❞✬✉♥❡ ♣♦st✲❛❝❝é❧ér❛t✐♦♥✱ ❡t ❞✬✉♥❡ ♠❡s✉r❡ ❞❡ t❡♠♣s✲❞❡✲✈♦❧ ✭❚❖❋✮ ❡t
❞✬é♥❡r❣✐❡✳ ▲❡ s❝❤é♠❛ ❆✳✼ ♠♦♥tr❡ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧✬✐♥str✉♠❡♥t
❡t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ s❡s ✺ é❧é♠❡♥ts ❞❡ ❜❛s❡ ✿

✕ ❧❡s ✐♦♥s ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ E✱ ❞❡ ♠❛ss❡ m ❡t ❞❡ ❝❤❛r❣❡ q ❡♥tr❡♥t ❞❛♥s
❧✬✐♥str✉♠❡♥t à tr❛✈❡rs ❧❡ ❝♦❧❧✐♠❛t❡✉r à ♣❧✉s✐❡✉rs ❢❡♥t❡s q✉✐ sé❧❡❝t✐♦♥♥❡
❧❡s ♣❛rt✐❝✉❧❡s ❛②❛♥t ❧❡s tr❛❥❡❝t♦✐r❡s ❞✬❡♥tré❡s ❛❞éq✉❛t❡s ❀

✕ ❧❡ ❡❧❡❝tr♦st❛t✐❝ ❞❡✢❡❝t✐♦♥ ❛♥❛❧②s❡r t✐❡♥t ❧✐❡✉ ❞❡ ✜❧tr❡ ❡♥ é♥❡r❣✐❡ ♣❛r
❝❤❛r❣❡✱ ♥❡ ♣❡r♠❡tt❛♥t q✉✬❛✉① ✐♦♥s ❛②❛♥t ❧✬é♥❡r❣✐❡ ❞és✐ré❡ ❞✬❡♥tr❡r ❞❛♥s
❧❡s s②stè♠❡s ❞❡ ♠❡s✉r❡ ❞✉ ❚❖❋ ❡t ❞❡ ❧✬é♥❡r❣✐❡ ❀

✕ ❧❡s ✐♦♥s s♦♥t ❛❧♦rs ❛❝❝é❧érés ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ❞✬❡♥✈✐r♦♥ 30 ❦❱ ❥✉st❡ ❛✈❛♥t
❞❡ ♣❛ss❡r ❞❛♥s ❧❡s s②stè♠❡s ❞❡ ♠❡s✉r❡ ❞✉ ❚❖❋ ❡t ❞❡ ❧✬é♥❡r❣✐❡✳ ▲✬é♥❡r❣✐❡
q✉✬✐❧s ❣❛❣♥❡♥t ❡st s✉✣s❛♥t❡ ♣♦✉r ❧❡✉r ♣❡r♠❡ttr❡ ❞✬êtr❡ ♠❡s✉rés ♣❛r ❧❡
s♦❧✐❞✲st❛t❡ ❞❡t❡❝t♦r q✉✐ ❛ ✉♥ s❡✉✐❧ ❡♥ é♥❡r❣✐❡ ❞✬❡♥✈✐r♦♥ 30 ❦❡❱ ❀

✕ ❞❛♥s ❧❡ s②stè♠❡ ❞✉ ❚❖❋✱ ❧❛ ✈✐t❡ss❡ ❞❡ ❝❤❛q✉❡ ✐♦♥s ❡st ❞ét❡r♠✐♥é❡ ❡♥
♠❡s✉r❛♥t ❧❡ t❡♠♣s ❞❡ tr❛❥❡t τ ❡♥tr❡ ❞❡✉① ❞ét❡❝t❡✉rs sé♣❛rés ❞❡ ✶✵ ❝♠ ❀

✕ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡st ❛❧♦rs ❝♦♠♣❧été❡ ♣❛r ❧❛ ♠❡s✉r❡ ❞❡ ❧✬é♥✲
❡r❣✐❡ rés✐❞✉❡❧❧❡ ❞❡ ❧✬✐♦♥ ❞❛♥s ✉♥ s♦❧✐❞✲st❛t❡ ❞❡t❡❝t♦r✳



✶✵✷ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

■♥str✉♠❡♥t ●❛♠♠❡s ❘és♦❧✉t✐♦♥
❱❡❝t♦r ❍❡❧✐✉♠ ▼❛❣♥❡t♦♠❡t❡r ±8.182 ♥❚ 4.0 ♣❚

±65.52 ♥❚ 32.0 ♣❚
❋❧✉①❣❛t❡ ▼❛❣♥❡t♦♠❡t❡r ±8.00 ♥❚ 3.9 ♣❚

±64.0 ♥❚ 31.2 ♣❚
±2.048µ❚ 1.0 ♥❚
±44µ❚ 21.5 ♥❚

❚❛❜❧❡ ❆✳✸ ✕ P❡r❢♦r♠❛♥❝❡s ❞❡s ♠❛❣♥ét♦♠ètr❡s ❡♠❜❛rq✉és s✉r ❯❧②ss❡✳ ❆❞❛♣té❡
❞❡ ❇❛❧♦❣❤ ❡t ❛❧✳ ✭✶✾✾✷✮✳

❈❡s ♠❡s✉r❡s ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞❡ r❡✈❡♥✐r à ❧❛ ♠❛ss❡ m✱ à ❧❛ ❝❤❛r❣❡ q
❡t à ❧✬é♥❡r❣✐❡ ✐♥❝✐❞❡♥t❡ E ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✭●❧♦❡❝❦❧❡r ❡t ❛❧✳✱ ✶✾✾✷✮✳

❆✳✶✳✻ ▲❡s ♠❛❣♥ét♦♠ètr❡s ❱❍▼✴❋●▼

▲❛ ♣r✐♥❝✐♣❛❧❡ ❢♦♥❝t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❞✉ ♠❛❣♥ét♦♠ètr❡ ❡st ❞❡ ♠❡s✉r❡r ❧❡
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❡♥ t❛♥t q✉❡ ✈❡❝t❡✉r✱ ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞✬❯❧②ss❡
✭❇❛❧♦❣❤ ❡t ❛❧✳✱ ✶✾✾✷✮✳ ❈❡s ♠❡s✉r❡s ♣❡r♠❡tt❡♥t ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❛✈❡❝ ❧❛
❧❛t✐t✉❞❡ ❞❡s str✉❝t✉r❡s ❡t ♣❤é♥♦♠è♥❡s ♠❛❣♥ét✐q✉❡s ❞❛♥s ❧✬❤é❧✐♦s♣❤èr❡✳ ❈❡t ✐♥✲
str✉♠❡♥t ❝♦♥s✐st❡ ❡♥ ❞❡✉① ♠❛❣♥ét♦♠ètr❡s ✿ ❧❡ ❱❡❝t♦r ❍❡❧✐✉♠ ▼❛❣♥❡t♦♠❡t❡r

✭❱❍▼✮ s✐t✉é ❛✉ ❜♦✉t ❞✉ ❜r❛s ❞❡ ✺ ♠ètr❡s ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ❆✳✹✱ ❡t ❧❡ ❋❧✉①✲
❣❛t❡ ▼❛❣♥❡t♦♠❡t❡r ✭❋●▼✮ ♣❧❛❝é à ✶✳✷ ♠ètr❡s ❞✉ ❱❍▼✳ ▲❛ t❛❜❧❡ ❆✳✸ rés✉♠❡
❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡s ❞❡✉① ♠❛❣♥ét♦♠ètr❡s✳

❆✳✶✳✻✳✶ ▲❡ ❱❡❝t♦r ❍❡❧✐✉♠ ▼❛❣♥❡t♦♠❡t❡r✳

▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ❱❍▼✱ s❝❤é♠❛t✐sé ❞❛♥s ❧❛ ✜❣✉r❡ ❆✳✽ ❡st
❜❛sé s✉r ❧✬❡✛❡t ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛♠❜✐❛♥t s✉r ❧✬❡✣❝❛❝✐té ❞✉ ♣♦♠♣❛❣❡
♦♣t✐q✉❡ s✉r ✉♥ ❣❛③ ❞✬❤é❧✐✉♠✳ ❉❛♥s ❧❡ ❱❍▼✱ ✉♥❡ ❧✉♠✐èr❡ ♣♦❧❛r✐sé❡ ❝✐r❝✉❧❛✐r❡✲
♠❡♥t à 1.08µ♠ tr❛✈❡rs❡ ✉♥❡ ❝❡❧❧✉❧❡ ❝♦♥t❡♥❛♥t ❞❡ ❧✬❤é❧✐✉♠✱ ❝ré❛♥t ✉♥ ♣♦♠♣❛❣❡
♦♣t✐q✉❡✱ q✉✐ ❞é♣❡♥❞ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❡t ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❛♠❜✐❛♥t✳ ❯♥ ❞ét❡❝t❡✉r ✐♥❢r❛r♦✉❣❡ ♠❡s✉r❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts ✐♥❞✉✐ts ❞❛♥s ❧✬❛❜✲
s♦r♣t✐♦♥ ♣❛r ❧❡s ❛t♦♠❡s ❞✬❤é❧✐✉♠✱ ❞♦♥♥❛♥t✱ ♣♦✉r ✉♥❡ s♦✉r❝❡ ❞❡ ❧✉♠✐èr❡ ❝♦♥✲
st❛♥t❡✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞✉❡s ❛✉ ♣♦♠♣❛❣❡ ♦♣t✐q✉❡✳ ❚r♦✐s ❜♦❜✐♥❡s ❞❡ ❍❡❧♠❤♦❧t③
♦r✐❡♥té❡s s✉✐✈❛♥t tr♦✐s ❛①❡s ♦rt❤♦❣♦♥❛✉① ♣❡r♠❡tt❡♥t ❞❡ ❣é♥ér❡r ✉♥ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❧♦❝❛❧❡♠❡♥t✳ ❈❡s ❝❤❛♠♣s ♠❛❣♥ét✐q✉❡s s♦♥t ✉t✐❧✐sés ♣♦✉r ❛♥♥✉❧❡r
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛♠❜✐❛♥t✱ ❡t ❞♦♥❝ s♦♥ ❡✛❡t s✉r ❧❡ ♣♦♠♣❛❣❡ ♦♣t✐q✉❡✳ ▲❡s
❝♦✉r❛♥ts tr❛✈❡rs❛♥t ❧❡s ❜♦❜✐♥❡s ♣❡r♠❡tt❡♥t ❛✐♥s✐ ❞❡ ♠❡s✉r❡r ❧❡s é❧é♠❡♥ts ❞✉
✈❡❝t❡✉r ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❞ét❡❝t❡✉r✳



❆✳✷✳ ▲❛ ♠✐ss✐♦♥ ❲■◆❉ ✶✵✸

❋✐❣✉r❡ ❆✳✽ ✕ ❙❝❤é♠❛ ❞✉ ❞ét❡❝t❡✉r ❞✉ ❱❡❝t♦r ❍❡❧✐✉♠ ▼❛❣♥❡t♦♠❡t❡r✳ ▲✬❛①❡
♦♣t✐q✉❡ ❞✉ ❞ét❡❝t❡✉r ❡st ❛❧✐❣♥é ❛✈❡❝ ❧❡ ♠❛t ❞✉ s❛t❡❧❧✐t❡✳ P♦✉r ❞❡s r❛✐s♦♥s ❞❡
❝❧❛rté✱ ❧❛ tr♦✐s✐è♠❡ ❜♦❜✐♥❡ ❞❡ ❍❡❧♠❤♦❧t③ ♥✬❛ ♣❛s été r❡♣rés❡♥té❡✳ ❚✐ré❡ ❞❡
❇❛❧♦❣❤ ❡t ❛❧✳ ✭✶✾✾✷✮✳

❆✳✶✳✻✳✷ ▲❡ ❋❧✉①❣❛t❡ ▼❛❣♥❡t♦♠❡t❡r✳

▲❡ ❋●▼ à ❜♦r❞ ❞✬❯❧②ss❡ ❡st ❝♦♠♣♦sé ❞❡ tr♦✐s ❞ét❡❝t❡✉rs ❛①✐❛❧s✱ ❛rr❛♥❣és
s✉✐✈❛♥t tr♦✐s ❛①❡s ♦rt❤♦❣♦♥❛✉①✱ ❝♦♠♠❡ ✐♥❞✐q✉é s✉r ❧❛ ✜❣✉r❡ ❆✳✾✳ ❈❤❛q✉❡ ❞é✲
t❡❝t❡✉r ❡st ❝♦♥st✐t✉é ❞✬✉♥ ❛♥♥❡❛✉ ❛②❛♥t ✉♥❡ très ❣r❛♥❞❡ ♣❡r♠é❛❜✐❧✐té ♠❛❣✲
♥ét✐q✉❡✱ ❡♥t♦✉ré ❞✬✉♥ s♦❧é♥♦ï❞❡✱ ❞✬✉♥❡ ❞❡✉①✐è♠❡ ❜♦❜✐♥❡ r❡❝t❛♥❣✉❧❛✐r❡ ❞❛♥s ❧❡
♣❧❛♥ ❞❡ ❧✬❛♥♥❡❛✉✱ ❛✐♥s✐ q✉❡ ❞✬✉♥❡ ❞❡r♥✐èr❡ ❜♦❜✐♥❡ ♣❡r♠❡tt❛♥t ❧❛ ❝❛❧✐❜r❛t✐♦♥✳ ▲❛
✜❣✉r❡ ❆✳✶✵ s❝❤é♠❛t✐s❡ ✉♥ ❞ét❡❝t❡✉r ❞❡ ❋●▼✱ s❛♥s ❧❛ ❜♦❜✐♥❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥✳
▲❡ s♦❧é♥♦ï❞❡ ❡st ♣❛r❝♦✉r✉ ♣❛r ✉♥ ❝♦✉r❛♥t ❜✐❞✐r❡❝t✐♦♥♥❡❧ ❞❡ ❢♦r♠❡ ❡①♣♦♥❡♥✲
t✐❡❧❧❡ à 3675❍③✱ ♦♣t✐♠✐sé ♣♦✉r ♠✐♥✐♠✐s❡r ❧❡ ❜r✉✐t ❞❛♥s ❧❛ ❜♦❜✐♥❡ ❞❡ ♠❡s✉r❡✳
❊♥ ♣rés❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①tér✐❡✉r✱ ✉♥ ❝♦✉r❛♥t ❤❛r♠♦♥✐q✉❡ ✭❞❡
❢réq✉❡♥❝❡ 7350❍③✮ ❡st ♣r♦❞✉✐t ❞❛♥s ❧❛ ❜♦❜✐♥❡ ❞❡ ♠❡s✉r❡✱ ❞♦♥t ❧✬❛♠♣❧✐t✉❞❡ ❡st
♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ❝♦♠♣♦s❛♥t❡ ❞✉ ❝❤❛♠♣ ❡①tér✐❡✉r ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❞❡ ❧❛ s❡❝✲
♦♥❞❡ ❜♦❜✐♥❡✳ ▲❛ ♣❤❛s❡ ❞✉ s✐❣♥❛❧ ❤❛r♠♦♥✐q✉❡✱ ❝♦♠♣❛ré ❛✉ s✐❣♥❛❧ ♣❛r❝♦✉r❛♥t
❧❡ s♦❧é♥♦ï❞❡✱ ❞♦♥♥❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳

❆✳✷ ▲❛ ♠✐ss✐♦♥ ❲■◆❉

❆✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡

❲✐♥❞ ❡st ✉♥ s❛t❡❧❧✐t❡ ❞❡ ❧❛ ◆✳❆✳❙✳❆✳ ❧❛♥❝é ❧❡ 1er ♥♦✈❡♠❜r❡ ✶✾✾✹ ❡t ♣❧❛❝é ❡♥
♦r❜✐t❡ ❛✉t♦✉r ❞✉ ♣r❡♠✐❡r ♣♦✐♥t ❞❡ ▲❛❣r❛♥❣❡✱ à ♣❧✉s ❞❡ ✷✵✵ r❛②♦♥s t❡rr❡str❡s
❞❡ ❧❛ ❚❡rr❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❙♦❧❡✐❧✳ ▲❡ ❜✉t ❞❡ ❲✐♥❞ ❡st ❞❡ ♠❡s✉r❡r s✉r ❧❡



✶✵✹ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

❋✐❣✉r❡ ❆✳✾ ✕ ❙❝❤é♠❛ ❞❡s tr♦✐s ❞ét❡❝t❡✉rs ❞✉ ❋❧✉①❣❛t❡ ▼❛❣♥❡t♦♠❡t❡r✳
▲✬❛❧✐❣♥❡♠❡♥t ❞❡s ❞ét❡❝t❡✉rs ❛ été ❞ét❡r♠✐♥é ❛✈❛♥t ❧❡ ❧❛♥❝❡♠❡♥t ❞✬❯❧②ss❡ ❛✈❡❝
✉♥❡ ♣ré❝✐s✐♦♥ ♠❡✐❧❧❡✉r❡ q✉❡ 0.1◦✳ ❚✐ré❡ ❞❡ ❇❛❧♦❣❤ ❡t ❛❧✳ ✭✶✾✾✷✮✳

❋✐❣✉r❡ ❆✳✶✵ ✕ ❙❝❤é♠❛ ❞✉ ♣r✐♥❝✐♣❡ ❞✬✉♥ ❞ét❡❝t❡✉r ❞❡ ❋●▼✳ ▲❛ ❜♦❜✐♥❡ ❞❡
❝❛❧✐❜r❛t✐♦♥ ♥✬❡st ♣❛s ✐♥❞✐q✉é❡ s✉r ❝❡ s❝❤é♠❛✳



❆✳✸✳ ▲❛ ♠✐ss✐♦♥ ❙❚❊❘❊❖ ✶✵✺

❧♦♥❣✲t❡r♠❡ ❧❡ ✈❡♥t s♦❧❛✐r❡ q✉✐ ❡st s✉r ❧❡ ♣♦✐♥t ❞❡ r❡♥❝♦♥tr❡r ❧❛ ♠❛❣♥ét♦s♣❤èr❡
❞❡ ❧❛ ❚❡rr❡✳

▲❡s ✐♥str✉♠❡♥ts s❝✐❡♥t✐✜q✉❡s à ❜♦r❞ ❞❡ ❲✐♥❞ s♦♥t ✿
✕ ❧✬✐♥str✉♠❡♥t ▼❛❣♥❡t✐❝ ❋✐❡❧❞ ■♥✈❡st✐❣❛t✐♦♥ ✭▼❋■✮ ❡st ❝♦♠♣♦sé ❞❡ ❞❡✉①
♠❛❣♥ét♦♠ètr❡s ❞❡ t②♣❡ ✢✉①❣❛t❡ s✐t✉és à ✻ ❡t ✶✷ ♠ètr❡s ❞✉ ❝♦r♣s ❞✉
s❛t❡❧❧✐t❡ ✭▲❡♣♣✐♥❣ ❡t ❛❧✳✱ ✶✾✾✺✮ ❀

✕ ❧✬✐♥str✉♠❡♥t ❙♦❧❛r ✇✐♥❞ ❊①♣❡r✐♠❡♥t ✭❙❲❊✮ ♠❡s✉r❡ ❧❡s ♣r♦t♦♥s✱ ❧❡s ♣❛r✲
t✐❝✉❧❡s ❛❧♣❤❛ ❡t ❧❡s é❧❡❝tr♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡ ✭❖❣✐❧✈✐❡ ❡t ❛❧✳✱ ✶✾✾✺✮ ❀

✕ ❧✬✐♥str✉♠❡♥t ✸❉ P❧❛s♠❛ ❆♥❛❧②s❡r ✭✸❉P✮ ❝♦♥s✐st❡ ❡♥ s✐① ❞✐✛ér❡♥ts ❞é✲
t❡❝t❡✉rs ❝♦♥ç✉s ♣♦✉r ♠❡s✉r❡r ❧❡s é❧❡❝tr♦♥s é♥❡r❣ét✐q✉❡s ❡t ❧❡s ✐♦♥s ❞✉
✈❡♥t s♦❧❛✐r❡ ❛✈❡❝ ❞✐✛ér❡♥ts ❝❤❛♠♣s ❞❡ ✈✉❡ ✭▲✐♥ ❡t ❛❧✳✱ ✶✾✾✺✮ ❀

✕ ❧✬✐♥str✉♠❡♥t ❙♦❧❛r ❲✐♥❞ ❛♥❞ ❙✉♣r❛t❤❡r♠❛❧ ■♦♥ ❈♦♠♣♦s✐t✐♦♥ ✭❙▼❙✮
♠❡s✉r❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❡t ❧❡ ♥✐✈❡❛✉ ❞❡ ❝❤❛r❣❡ ❞❡s ✐♦♥s ❞✉ ✈❡♥t s♦❧❛✐r❡
✭●❧♦❡❝❦❧❡r ❡t ❛❧✳✱ ✶✾✾✺✮ ❀

✕ ❧✬✐♥str✉♠❡♥t ❊♥❡r❣❡t✐❝ P❛rt✐❝❧❡s ✿ ❆❝❝❡❧❡r❛t✐♦♥✱ ❈♦♠♣♦s✐t✐♦♥ ❛♥❞ ❚r❛♥s✲

♣♦rt ✭❊P❆❈❚✮ ♠❡s✉r❡✱ ❣râ❝❡ à ❞✐✛ér❡♥ts té❧❡s❝♦♣❡s✱ ❧❡s ♣❛rt✐❝✉❧❡s é♥✲
❡r❣ét✐q✉❡s ✭✈♦♥ ❘♦s❡♥✈✐♥❣❡ ❡t ❛❧✳✱ ✶✾✾✺✮ ❀

✕ ❧✬✐♥str✉♠❡♥t ❘❛❞✐♦ ❛♥❞ P❧❛s♠❛ ❲❛✈❡ ✭❲❆❱❊❙✮ ♠❡s✉r❡ ❧❡s é♠✐ss✐♦♥s r❛✲
❞✐♦ ❞✉ ❙♦❧❡✐❧✱ ❛✐♥s✐ q✉❡ ❧❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ✭❇♦✉❣❡r❡t ❡t ❛❧✳✱ ✶✾✾✺✮ ❀

✕ ❧❡s ❞❡✉① té❧❡s❝♦♣❡s ❣❛♠♠❛ ✭❑❖◆❯❙ ❡t ❚●❘❙✮✳

❆✳✷✳✷ ▲✬✐♥str✉♠❡♥t ❙❲❊✴❋❈

▲❡s ✐♥str✉♠❡♥ts ♠❡s✉r❛♥t ❧❡s ❞❡♥s✐tés ❡t ♣r♦♣r✐étés ❝✐♥ét✐q✉❡s ❞❡s ♣r♦t♦♥s
❡t ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛ ❞❡ ❙❲❊ s♦♥t ❞❡s ❋❛r❛❞❛② ❝✉♣s ✭❋❈✮✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡
❜❛s❡ ❞❡s ❋❈ ❡st ❞❡ ♠❡s✉r❡r ❧❡ ❝♦✉r❛♥t ♣r♦❞✉✐t ♣❛r ❧❡ ✢✉① ❞❡s ♣❛rt✐❝✉❧❡s q✉✐
✐♠♣❛❝t❡♥t ✉♥❡ ♦✉ ♣❧✉s ❞❡s ❝♦✉♣❡s ❝♦❧❧❡❝tr✐❝❡s✳ ▲❡ ❝♦✉r❛♥t ❛✐♥s✐ ♣r♦❞✉✐t ♣❡r♠❡t
❞❡ r❡✈❡♥✐r ❛✉① ❞✐str✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s ✐♥❝✐❞❡♥t❡s ✭❑❛s♣❡r✱ ✷✵✵✷✮✱
❛✈❡❝ ✉♥ ♣ré❝✐s✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ ∆v/v ≈ 0.065 ❞❛♥s ❧❡ ❝❛s ❞❡ ❙❲❊ ✭❖❣✐❧✈✐❡
❡t ❛❧✳✱ ✶✾✾✺✮✳

❆✳✸ ▲❛ ♠✐ss✐♦♥ ❙❚❊❘❊❖

❆✳✸✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡

▲❛ ♠✐ss✐♦♥ ❙❚❊❘❊❖ ✭❙♦❧❛r ❚❊rr❡str✐❛❧ ❘❊❧❛t✐♦♥ ❖❜s❡r✈❛t♦r②✮ ❞❡ ❧❛
◆✳❆✳❙✳❆✳✱ ❧❛♥❝é❡ ❧❡ ✷✺ ♦❝t♦❜r❡ ✷✵✵✻✱ ❡st ❝♦♠♣♦sé❡ ❞❡ ❞❡✉① s❛t❡❧❧✐t❡s ✐❞❡♥✲
t✐q✉❡s✱ ❧✬✉♥ à ❧✬❛✈❛♥t ❞❡ ❧❛ ❚❡rr❡ s✉r s♦♥ ♦r❜✐t❡✱ ❧❡ s❡❝♦♥❞ tr❛✐♥❛♥t ❞❡rr✐èr❡✳
❯♥❡ t❡❧❧❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❡s ♠❡s✉r❡s
stéré♦s❝♦♣✐q✉❡s ♣♦✉r ét✉❞✐❡r ❧❡ ❙♦❧❡✐❧✱ ❧❡s é❥❡❝t✐♦♥s ❞❡ ♠❛ss❡ ❝♦r♦♥❛❧❡s ✭❈▼❊✮
❡t ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡ ❡♥tr❡ ❧❡ ❙♦❧❡✐❧ ❡t ❧❛ ❚❡rr❡✳ P♦✉r ❝❡❧❛✱ ❝❤❛q✉❡ s♦♥❞❡



✶✵✻ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

❡st éq✉✐♣é❡ ❞❡ q✉❛tr❡ ✐♥str✉♠❡♥ts ✐❞❡♥t✐q✉❡s✱ ❝♦♠♠❡ ✐♥❞✐q✉é s✉r ❧❛ ✜❣✉r❡
❆✳✶✶ ✿

✕ ■♥ s✐t✉ ▼❡❛s✉r❡♠❡♥ts ♦❢ P❛rt✐❝❧❡s ❛♥❞ ❈▼❊ ❚r❛♥s✐❡♥ts ✭■▼P❆❈❚✮ ❝♦♠✲
♣♦sé ❞❡ ✼ ❞ét❡❝t❡✉rs ✿ ❙♦❧❛r ❲✐♥❞ P❧❛s♠❛ ❊❧❡❝tr♦♥ ❆♥❛❧②③❡r ✭❙❲❊❆✮
♠❡s✉r❛♥t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s ❞✬é♥❡r❣✐❡ ❝♦♠♣r✐s❡
❡♥tr❡ ✶ ❡❱ ❡t q✉❡❧q✉❡s ❦❡❱✱ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ 18% ❀ ❙✉♣r❛t❤❡r✲
♠❛❧ ❊❧❡❝tr♦♥ ❚❡❧❡s❝♦♣❡ ✭❙❚❊✮ ♠❡s✉r❛♥t ❧❡s é❧❡❝tr♦♥s ❞✉ ❤❛❧♦ ❡♥tr❡ ✷
❡t ✷✵ ❦❡❱ ❛✈❡❝ ✉♥ ❝❤❛♠♣ ❞❡ ✈✉❡ t♦t❛❧❡ ❞❡ 80 × 80 ❞❡❣rés ❀ ▼❛❣♥❡✲
t♦♠❡t❡r ✭▼❆●✮ ❝♦♥st✐t✉❡r ❞❡ tr♦✐s ♠❛❣♥ét♦♠ètr❡s ✢✉①❣❛t❡ ♣♦s✐t✐♦♥♥é
s✉✐✈❛♥t tr♦✐s ❛①❡s ♦rt❤♦❣♦♥❛✉① ❡t ❝♦♥ç✉s ♣♦✉r ♣♦✉✈♦✐r ♠❡s✉r❡r à ❧❛ ❢♦✐s
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t❡rr❡str❡
❧♦rs ❞❡ ❧❛ ♠✐s❡ ❡♥ ♦r❜✐t❡ ❤é❧✐♦❝❡♥tr✐q✉❡ ❞❡s s♦♥❞❡s ❀ ❙♦❧❛r ❊❧❡❝tr♦♥ Pr♦✲
t♦♥ ❚❡❧❡s❝♦♣❡s ✭❙❊P❚✮ ♠❡s✉r❛♥t ❧❡s é❧❡❝tr♦♥s ❞✬é♥❡r❣✐❡ ❝♦♠♣r✐s❡ ❡♥tr❡
✷✵ ❡t ✹✵✵ ❦❡❱ ❡t ❧❡s ♣r♦t♦♥s ❡♥tr❡ ✷✵ ❡t ✼✵✵✵ ❦❡❱ ❛✈❡❝ ❞✐✛ér❡♥ts ❝❤❛♠♣✲
❞❡✲✈✉❡s ❀ ❙✉♣r❛t❤❡r♠❛❧ ■♦♥ ❚❡❧❡s❝♦♣❡ ✭❙■❚✮ q✉✐ ❡st ✉♥ s♣❡❝tr♦♠ètr❡ ❞❡
♠❛ss❡ ♣❛r ♠❡s✉r❡ ❞❡ t❡♠♣s✲❞❡✲✈♦❧ ❞♦♥♥❛♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❡♥ ✐♦♥s ❞❡
❧✬❤é❧✐✉♠ ❥✉sq✉✬❛✉ ❢❡r ❡♥tr❡ ✸✵ ❦❡✈✴♥✉❝❧é♦♥ ❡t ✷ ▼❡❱✴♥✉❝❧é♦♥ ❀ ▲♦✇ ❊♥✲
❡r❣② ❚❡❧❡s❝♦♣❡ ✭▲❊❚✮ ♠❡s✉r❛♥t ❧❡s ♣r♦t♦♥s ❡t ❧❡s ✐♦♥s ❞✬❤é❧✐✉♠ ❡♥tr❡ ✶✳✺
❡t ✶✸ ▼❡❱✴♥✉❝❧é♦♥ ❀ ❡t ❡♥✜♥✱ ❍✐❣❤ ❊♥❡r❣② ❚❡❧❡s❝♦♣❡ ✭❍❊❚✮ ♠❡s✉r❛♥t
❧❡s ♣r♦t♦♥s ❡t ❧❡s ✐♦♥s ❞✬❤é❧✐✉♠ ❥✉sq✉✬à ✶✵✵ ▼❡❱✴♥✉❝❧é♦♥ ❡t ❧❡s é❧❡❝tr♦♥s
é♥❡r❣ét✐q✉❡s ❥✉sq✉✬à ✺ ▼❡❱✳

✕ P▲❆s♠❛ ❛♥❞ ❙✉♣r❛❚❤❡r♠❛❧ ■♦♥ ❈♦♠♣♦s✐t✐♦♥ ✭P▲❆❙❚■❈✮ q✉✐ ♠❡s✉r❡
❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣r♦t♦♥s✱ ❞❡s ♣❛rt✐❝✉❧❡s ❛❧♣❤❛ ❡t ❞❡s ✐♦♥s ❧♦✉r❞s✳

✕ ❙✉♥ ❊❛rt❤ ❈♦♥♥❡❝t✐♦♥ ❈♦r♦♥❛❧ ❛♥❞ ❍❡❧✐♦s♣❤❡r✐❝ ■♥✈❡st✐❣❛t✐♦♥ ✭❙❊❈✲
❈❍■✮ ❝♦♠♣♦sé ❞❡ ✹ ❞ét❡❝t❡✉rs ✿ ✉♥ té❧❡s❝♦♣❡ ❞❛♥s ❧✬❡①trè♠❡ ✉❧tr❛✈✐♦❧❡t
✭❊❯❱■✮✱ ❞❡✉① ❝♦r♦♥♦❣r❛♣❤❡s ❡♥ ❧✉♠✐èr❡ ❜❧❛♥❝❤❡ ✭❈❖❘ ✶ ❡t ✷✮ ❡t ✉♥
té❧❡s❝♦♣❡ ❤é❧✐♦s♣❤ér✐q✉❡ ✭❍■✮✳

✕ ❙❚❊❘❊❖✴❲❆❱❊❙ ✭❙✴❲❆❱❊❙✮ ❞é❞✐é à ❧❛ té❧é❞ét❡❝t✐♦♥ ❞❡s é♠✐ss✐♦♥s
é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❞✉ ❙♦❧❡✐❧ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ r❛❞✐♦ ❛✐♥s✐ q✉✬à ❧❛ ♠❡s✉r❡
✐♥ s✐t✉ ❞❡s ❝❤❛♠♣ é❧❡❝tr♦st❛t✐q✉❡s✳

❆✳✸✳✷ ▲✬✐♥str✉♠❡♥t ❙✴❲❆❱❊❙

❆✳✸✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡

▲❡s s❛t❡❧❧✐t❡s ❙❚❊❘❊❖ ❆ ❡t ❇ s♦♥t éq✉✐♣és ❞❡ ✸ ❛♥t❡♥♥❡s ♠✉t✉❡❧❧❡♠❡♥t
♦rt❤♦❣♦♥❛❧❡s ❞❡ ✻ ♠ètr❡s ❞❡ ❧♦♥❣✳ ▲❡s ❛♥t❡♥♥❡s s♦♥t ♠♦♥té❡s s✉r ❧❛ s✉r❢❛❝❡
♦♣♣♦sé❡ ❛✉ ❙♦❧❡✐❧ ❞❡s s❛t❡❧❧✐t❡s ✭❇♦✉❣❡r❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲✬❡①♣ér✐❡♥❝❡ ❙✴❲❆❱❊❙
❝♦♠♣r❡♥❞ ✹ ✐♥str✉♠❡♥ts ❞✐✛ér❡♥ts ✿

✕ ✉♥ ré❝❡♣t❡✉r r❛❞✐♦ ❜❛ss❡ ❢réq✉❡♥❝❡ ✭▲♦✇ ❋r❡q✉❡♥❝② ❘❡❝❡✐✈❡r ✲ ▲❋❘✮
❞é❞✐é ❛✉① ❢réq✉❡♥❝❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✷✳✺ ❦❍③ ❡t ✶✻✵ ❦❍③✳



❆✳✸✳ ▲❛ ♠✐ss✐♦♥ ❙❚❊❘❊❖ ✶✵✼

❋✐❣✉r❡ ❆✳✶✶ ✕ ▲✬✉♥❡ ❞❡s s♦♥❞❡s ❙❚❊❘❊❖ ❛✈❡❝ ❧❡s ❞✐✛ér❡♥ts ✐♥str✉♠❡♥ts
✐♥❞✐q✉és✳ ▲❡s ❞❡✉① s♦♥❞❡s s♦♥t ✐❞❡♥t✐q✉❡s✳



✶✵✽ ❆♥♥❡①❡ ❆✳ ▼✐ss✐♦♥s ❡t ✐♥str✉♠❡♥ts

✕ ✉♥ ré❝❡♣t❡✉r r❛❞✐♦ ❤❛✉t❡ ❢réq✉❡♥❝❡ ✭❍✐❣❤ ❋r❡q✉❡♥❝② ❘❡❝❡✐✈❡r ✲ ❍❋❘✮
tr❛✈❛✐❧❧❛♥t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ✶✷✺ ❦❍③ ✲ ✶✻✳✵✷✺ ▼❍③✳

✕ ✉♥ ré❝❡♣t❡✉r à ❢réq✉❡♥❝❡ ✜①❡ ✭❋✐①❡❞ ❋r❡q✉❡♥❝② ❘❡❝❡✐✈❡r ✲ ❋❋❘✮ ❞❡
❢réq✉❡♥❝❡ ✸✵✳✵✷✺ ♦✉ ✸✷✳✵✷✺ ▼❍③✳

✕ ✉♥ é❝❤❛♥t✐❧❧♦♥♥❡✉r ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ t❡♠♣♦r❡❧ ✭❚✐♠❡ ❉♦♠❛✐♥ ❙❛♠♣❧❡r ✲
❚❉❙✮ ♠❡s✉r❛♥t ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✳

❆✳✸✳✷✳✷ ❧❡ ré❝❡♣t❡✉r r❛❞✐♦ ❜❛ss❡ ❢réq✉❡♥❝❡ ✭▲❋❘✮

▲❋❘ ♠❡s✉r❡ ❧❡ s♣❡❝tr❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡♥tr❡ ✷✳✺ ❦❍③ ❡t ✶✻✵ ❦❍③✳ ❈❡
❞♦♠❛✐♥❡ ❢réq✉❡♥t✐❡❧ ❡st ❞✐✈✐sé ❡♥ ✸ ❜❛♥❞❡s ✭❜❛♥❞❡ ❆✱ ❇ ❡t ❈✮ ❞❡ ✶✻ ❢réq✉❡♥❝❡s
❝❤❛❝✉♥❡✳ ▲❡s ❢réq✉❡♥❝❡s s♦♥t ❡s♣❛❝é❡s s❡❧♦♥ ✉♥❡ é❝❤❡❧❧❡ ❧♦❣❛r✐t❤♠✐q✉❡✱ ❞♦♥✲
♥❛♥t ✉♥❡ rés♦❧✉t✐♦♥ s♣❡❝tr❛❧❡ ❞❡ 8.66%✳ ▲❛ ❜❛♥❞❡ ❆ ❝♦✉✈r❡ ❧❡s ❢réq✉❡♥❝❡s
❝♦♠♣r✐s❡s ❡♥tr❡ ✷✳✺ ❦❍③ ❡t ✶✵ ❦❍③✱ ❛✈❡❝ ❧❡ ♣❧✉s ❣r❛♥❞ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥✳
❈♦♥tr❛✐r❡♠❡♥t à ❧❛ ❜❛♥❞❡ ❆✱ ❧❡s ❜❛♥❞❡s ❇ ❡t ❈ ❢♦♥❝t✐♦♥♥❡♥t s✉r ✷ ❝❛♥❛✉① ❞✐❢✲
❢ér❡♥ts s✐♠✉❧t❛♥é♠❡♥t✱ ♣❡r♠❡tt❛♥t ❧❛ ❝r♦ss ❝❛❧✐❜r❛t✐♦♥ ♥é❝❡ss❛✐r❡ à ❧❛ ♠❡s✉r❡
❞❡s ❞✐r❡❝t✐♦♥s ❞✬❛rr✐✈é❡ ❞❡s ♦♥❞❡s r❛❞✐♦✳ ▲❡s ❞♦♠❛✐♥❡s ❢réq✉❡♥t✐❡❧s ❞❡s ❜❛♥❞❡s
❆ ❡t ❇ s♦♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❞❡ ✶✵ à ✹✵ ❦❍③ ❡t ❞❡ ✹✵ à ✶✻✵ ❦❍③✱ ❛✈❡❝ ❞❡s
t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ❞❡ ✵✳✼✹✼ ♠s ❡t ✵✳✶✽✽ ♠s ✭❇♦✉❣❡r❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳

❉✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❛♥t❡♥♥❡s s♦♥t ❞✐s♣♦♥✐❜❧❡s à ❧❛ ❞❡♠❛♥❞❡✳ ▲❋❘
♣❡✉t ❛✐♥s✐ ✉t✐❧✐s❡r ❞❡✉① ♣s❡✉❞♦✲❞✐♣ô❧❡s ✭Ey/Ex✱ Ey/Ez✮ ♦✉ ♠♦♥♦♣ô❧❡s ✭Ex✱
Ey ♦✉ Ez✮✳ ▲❡ ♠♦❞❡ ❧❡ ♣❧✉s ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé ❥✉sq✉✬à ❝❡ ❥♦✉r ❡st ❧❡ ❞✐♣ô❧❡
Ey/Ex✳

❆✳✸✳✷✳✸ ❧✬é❝❤❛♥t✐❧❧♦♥♥❡✉r ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ t❡♠♣♦r❡❧

❚❉❙ ♠❡s✉r❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s r❛♣✐❞❡s ❞❡s ❢♦r♠❡s ❞✬♦♥❞❡✱ ✐✳❡✳ ♠❡s✉r❡ ❧✬❛♠✲
♣❧✐t✉❞❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✳ ❉❡ t❡❧❧❡s ♠❡s✉r❡s s♦♥t
♣❛rt✐❝✉❧✐èr❡♠❡♥t ♥é❝❡ss❛✐r❡s à ❧✬ét✉❞❡ ❞❡s ♦♥❞❡s ❞❡ ▲❛♥❣♠✉✐r✱ ♠❛✐s t♦✉t❡s ❧❡s
✈❛r✐❛t✐♦♥s ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ s♦♥t ♠❡s✉ré❡s ♣❛r ❚❉❙✳ ❊♥ r❛✐s♦♥ ❞❡ ❧❛ ❧✐♠✲
✐t❛t✐♦♥ ❞❡ ❧❛ té❧é♠étr✐❡✱ ✉♥❡ sé❧❡❝t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❡♥✈♦②és s✉r ❚❡rr❡ ❡st
❡✛❡❝t✉é❡ ❡♥ ✈♦❧✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❚❉❙ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧✉✐
❞✬✉♥ ♦s❝✐❧❧♦s❝♦♣❡ ❞✐❣✐t❛❧ ♠♦❞❡r♥❡✳ ■❧ ♠❡s✉r❡ ❧❡ ✈♦❧t❛❣❡ s✉r ❝❤❛❝✉♥❡ ❞❡s ✸ ❛♥✲
t❡♥♥❡s ❝♦♥t✐♥✉❡❧❧❡♠❡♥t✱ ❡t ❧♦rsq✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❡①❝è❞❡ ❧❡ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥✱
♠♦❞✐✜❛❜❧❡ à ❧❛ ❞❡♠❛♥❞❡✱ ❧✬✐♥str✉♠❡♥t ♣r❡♥❞ ✉♥ ✐♥st❛♥t❛♥é ❞❡ ✺✵ ♠s ❡♥✈✐r♦♥
❡♥❝❛❞r❛♥t ❧❡ s✐❣♥❛❧ ♠❡s✉ré ✭❇♦✉❣❡r❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳



❆♥♥❡①❡ ❇

P✉❜❧✐❝❛t✐♦♥s

❙♦♠♠❛✐r❡
❇✳✶ ❊❧❡❝tr♦♥ ♣r♦♣❡rt✐❡s ♦❢ ❤✐❣❤✲s♣❡❡❞ s♦❧❛r ✇✐♥❞ ❢r♦♠ ♣♦✲

❧❛r ❝♦r♦♥❛❧ ❤♦❧❡s ♦❜t❛✐♥❡❞ ❜② ❯❧②ss❡s t❤❡r♠❛❧ ♥♦✐s❡

s♣❡❝tr♦s❝♦♣② ✿ ◆♦t s♦ ❞❡♥s❡✱ ♥♦t s♦ ❤♦t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

❇✳✷ ❯❧②ss❡s ♠✐ss✐♦♥ ✿ t❤❡ ❡♥❞ ♦❢ ❛♥ ♦❞②ss❡② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

❇✳✸ ❙t✉❞② ♦❢ st❡❧❧❛r ✇✐♥❞ ❡♥❡r❣② ✢✉① ✿ ❢r♦♠ t❤❡ ❙✉♥ t♦

❇❡t❡❧❣❡✉s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶

❇✳✹ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ ✐♥ s♣❛❝❡ ♣❧❛s♠❛ ✿ ✑❦❛♣♣❛✑ ❞✐str✐✲

❜✉t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻
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[1] We present radio observations of Ulysses’ third fast
latitude scan near the 2007 solar activity minimum of cycle
23. We deduce in situ measurements of the electron density
and temperature using the method of quasi-thermal noise
spectroscopy. We study the large-scale properties of the fast
solar wind coming from polar coronal holes and compare
our results to those obtained during Ulysses’ first fast scan
in 1994–1995 near the minimum of cycle 22. The fast solar
wind in both hemispheres is less dense and cooler by about
19% and 13% respectively, as compared to the last solar
minimum. Citation: Issautier, K., G. Le Chat, N. Meyer-Vernet,

M. Moncuquet, S. Hoang, R. J. MacDowall, and D. J. McComas

(2008), Electron properties of high-speed solar wind from polar

coronal holes obtained by Ulysses thermal noise spectroscopy: Not

so dense, not so hot, Geophys. Res. Lett., 35, L19101, doi:10.1029/

2008GL034912.

1. Introduction

[2] After more than 17 years in the heliosphere, Ulysses
has given another picture of the solar wind during its third
orbit around the Sun. Launched in 1990, Ulysses is the only
spacecraft exploring the three dimensional structure of the
heliosphere through the solar cycle. The first pole-to-pole
fast transit occurred in 1994–1995 near the minimum of
solar cycle 22, when Ulysses explored the heliographic
latitudes from 80�S to 80�N. This offered the opportunity
to study the radial and latitudinal structure of the solar wind
with minimal variation in the phase of the solar activity
cycle since the passage lasts only about 10 months. Ulysses
confirmed the rather simple structure of the corona during
solar minimum and showed that two kinds of wind dominate
the heliosphere. A steady-state fast wind was continuously
observed at high latitudes, coming from large polar coronal
holes, whereas within 20�S and N a rather complex mixture
of winds predominated in the solar equator [Phillips et al.,
1995; McComas et al., 2000; Issautier et al., 1998;
Neugebauer, 2001]. In contrast, during the rising phase
of solar activity 22 to the 2001 maximum, Ulysses showed a
dramatically different corona, and a complex solar wind
structure with different regimes, slow and intermediate wind
from streamers, flow interactions, in addition to sporadic

fast flows from small coronal holes at all heliolatitudes
[Luhmann et al., 2002; McComas et al., 2003; Smith et al.,
2003; Issautier et al., 2004]. During the 2001 maximum, a
long interval of fast wind coming from a polar coronal hole
was however observed at high northern latitudes above
72�N [McComas et al., 2002]. During that period, among
other parameters, the electron density and temperature were
found to be similar to those observed in polar coronal holes
in 1994–1995, near solar minimum, suggesting that the
properties of the fast wind from polar coronal holes could be
independent of the phase of the solar cycle [von Steiger et
al., 2001; McComas et al., 2003; Issautier et al., 2003,
2004]. Since February 2007, Ulysses undertook a third pole-
to-pole fast transit, near the minimum of cycle 23 when the
solar magnetic dipole reversed with respect to the previous
minimum [Smith et al., 2003]. In this paper, we study the
large-scale electron properties obtained during the 2007 fast
latitude scan using data from the Unified Radio and Plasma
wave (URAP) instrument [Stone et al., 1992]. We concen-
trate on the fast solar wind associated with polar coronal
holes and compare it with the results obtained during the
two previous fast transits, thereby spanning a complete solar
cycle. The data were obtained from the URAP radio
receiver from 1 May to 26 November 2007, over a latitu-
dinal range of 60�S to 68�N, and at radial distance ranging
from 1.8 AU at 60�S and 1.76 AU at 68�N, to 1.4 AU at
perihelion. Due to spacecraft power limitations and energy
sharing, the URAP experiment was turned off during the
highest latitude passages in both the southern (poleward
60�) and northern (poleward 68�) hemispheres.

2. Basics of in Situ Diagnostics With Quasi-
Thermal Noise Spectroscopy

[3] In situ electron measurements are performed by the
low-band radio receiver of the URAP experiment. This
receiver is connected to the 2 � 35-m thin strip dipole
antenna and covers the frequency range from 1.25 to
48.5 kHz in 128 s. We derive electron macroscopic param-
eters using quasi-thermal noise (QTN) spectroscopy. This
technique consists in measuring the electrostatic fluctua-
tions produced at the antenna ports by the quasi-thermal
motion of the ambient electrons and protons [Meyer-Vernet
et al., 1998, and references therein]. The theoretical spec-
trum is a function of the velocity distribution of the particles
for which we assume a sum of two Maxwellians for
electrons, with a core (density Nc, temperature Tc) and a
halo (density Nh, temperature Th), and one drifting Maxwel-
lian for protons (temperature Tp, speed V) [Issautier et al.,
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1999a, 2001]. The analysis of the observed voltage power
spectrum enables us to derive in situ several plasma
parameters. In particular, it yields an accurate determination
of the electron density Ne (accuracy of a few percent) since
it is based on the location of the spectral peak just above the
plasma frequency fp, which is essentially independent of the
receiver gain calibration. Moreover, the shape and level of
the voltage spectrum provide accurate measurements of the
core electron temperature in addition to other parameters.

3. Overview of the Third Fast Latitude Scan

[4] Figure 1 shows an overview of the radio observations
during the Ulysses’ third pole-to-pole passage. Figure 1
(top) displays the radio spectrogram (intensity coded by a
color scale as a function of time and frequency) acquired by
the Ulysses/URAP experiment during the fast latitude scan
near the 2007 solar minimum. The intense fluctuating line is
the plasma frequency fp of the solar wind. One can see two
distinct latitude regions as during the minimum of solar cycle
22 in 1994–1995 [Issautier et al., 1998]: (1) a near-equatorial
region, spanning around 30�S to 37�N in heliolatitude, where
Ulysses crossed several times the heliospheric current sheet
(HCS); (2) at higher latitudes, poleward of 30�S and 37�N,
where Ulysses encountered for several months the station-
ary fast solar wind emanating from well developed polar
coronal holes in both hemispheres. Compared to the first
fast scan, the HCS extension is larger, more warped and
slightly asymmetric, covering 30�S to 37�N in latitude. In
this region, Ulysses alternatingly encountered slow and fast
streams, shown by large variations of the plasma line.
Figure 1 (bottom) shows the electron density and core
temperature deduced from the QTN method (about
180,000 data points). Poleward of 30�S and 37�N, Ulysses
measured the steady-state fast solar wind with a speed
ranging from 700 to 800 km/s [McComas et al., 2008]. In
these high-latitude regions the plasma parameters are very
steady (see Figures 2 and 3).
[5] Unfortunately, in contrast to the observations made

during the first polar pass, the radial variations of these
parameters obtained in polar coronal holes are severely
limited due to spacecraft power shortage and sharing between
instruments. Indeed, the URAP instrument was turned off
until 1 May 2007, and definitively after 26 November 2007,
to save and share energy onboard. So the highest helio-
latitudes were inaccessible for the URAP data.
[6] Figure 2 shows the (1 AU scaled) electron density

histograms (green) for both northern (about 64,400 measure-
ments) and southern (about 63,000 measurements) hemi-
spheres during the 2007 fast latitude scan. They are nearly
gaussian, showing a single type of wind. We superimposed
on them histograms obtained respectively in the northern
and southern hemispheres during the first Ulysses polar pass
(grey). In 2007, the mean scaled density of the fast wind
from the northern polar coronal hole (37 to 68�N) is
2.06 cm�3 with a standard deviation of 0.62 cm�3, being
16% less dense than during the last minimum in the
northern polar coronal hole, from 40 to 80�N [Issautier et
al., 1998]. In the southern hemisphere (from 30 to 60�S),
the mean scaled density of the fast wind is 2.09 cm�3 with a
standard deviation of 0.58 cm�3, being 21% less dense than
during the last minimum in the southern polar coronal hole

(40 to 80�S). Note that the standard deviation of the recent
data is larger than during the first polar pass. In that latter
case, the mean of the scaled density was 2.45 cm�3 with a
standard deviation of 0.32 cm�3 in the northern hemisphere,
and 2.65 cm�3 with a standard deviation of 0.4 cm�3 in the
southern hemisphere [Issautier et al., 1998]. Moreover, no
significant asymmetry is observed between the northern and
southern hemispheres during this third fast polar scan, in
contrast to the first one, where the southern hemisphere was
about 10% denser than the northern one. Note however that
the 1994 south pass occurred slightly before activity mini-
mum. It is noteworthy that the electron density is deduced
from the plasma frequency cut-off to better than 5%.
[7] We now consider the electron core temperature Tc.

We scale it non-adiabatically as R�0.64 (R is the helio-
distance of Ulysses in AU), which roughly matches most
empirical determinations [Issautier et al., 1999b] and theo-
retical expectations [Meyer-Vernet and Issautier, 1998].
Figure 3 shows the Tc histograms (orange) obtained from
the northern (Figure 3, left) and southern (Figure 3, right)
polar coronal holes during the 2007 fast latitude scan. We
superimposed on each of these histograms the Tc distribu-
tions obtained during the previous solar minimum in the
polar coronal hole wind of each hemisphere (grey). The
distributions are nearly gaussian. In 2007, the northern fast
wind has a mean scaled core temperature of 6.2 � 104 K
with a standard deviation of 1.3 � 104 K, close to the
(scaled) southern value of 6.43 � 104 K with a standard
deviation of 1.1 � 104 K, implying no significant asymme-
try between hemispheres. Note that the Tc histograms from
the first fast latitude scan revealed a 10% asymmetry
between northern and southern hemispheres, the latter being
hotter. Note also that the 1994 south pass occurred slightly
before activity minimum. The average of the scaled Tc is
smaller than during the last solar minimum, showing a 11%
(northern hemisphere) and 14% (southern hemisphere)
difference respectively. During the first fast scan, the mean
of the scaled core temperature was 7 � 104 K, with a
standard deviation of 8.6 � 103 K in the northern hemi-
sphere, and 7.5 � 104 K, with a standard deviation of 1.1 �
104 K, in the southern hemisphere [Issautier et al., 1998].
Note that in 2007 the radial magnetic field scaled to 1 AU
has dropped by more than 35% from 3.2 to 2.04 nT during
the solar cycle in both hemispheres [Smith and Balogh,
2008], whereas the bulk solar wind speed was nearly similar
to that obtained in 1994–1995, with a mean value of about
750 km/s [McComas et al., 2008].

4. Comparison Over Solar Cycle and Discussion

[8] Figure 4 shows the electron flux normalised to 1 AU,
neVRAU

2 (dots) as a function of the heliolatitude, for the polar
coronal hole wind observed during the three fast latitude
scans, near the 1994–1995 and 2007 solar minima, and the
2001 solar maximum. We use the electron density ne from
the URAP experiment, and the solar wind speed V from the
SWOOPS particle analyser [Bame et al., 1992]. Note that
for the 2007 minimum the electron flux plotted in triangles
was deduced from the proton and alpha density measure-
ments on the SWOOPS experiment, when the URAP
instrument was turned off due to spacecraft power sharing
at highest latitudes. Composite images from SOHO/EIT,
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HAO Mauna Loa coronograph and SOHO/LASCO C2
show the corresponding state of the corona for these periods.
In 1994–1995, the scaled electron flux (green symbols) in
polar coronal holes is similar in both hemispheres at 1.9 �
1012 m�2 s�1 northward of 40�N, and 2 � 1012 m�2 s�1

southward of 40�S. The blue dot is the scaled electron flux
in the northern polar coronal hole during the fast latitude scan
at the 2001 solar maximum. The flux is 2.1 � 1012 m�2 s�1,
roughly equal to those of 1994–1995, showing similar flux
from polar coronal holes at the solar minimum and maxi-

Figure 1. Radio spectrogram obtained from the URAP experiment during Ulysses’ third fast latitude scan in 2007 at
latitudes between 60�S and 68�N, with the corresponding electron density (black dots) and core temperature derived from
QTN spectroscopy.

Figure 2. Histograms of electron density scaled to 1 AU, with a bin size of 0.17, near the 2007 solar minimum during
Ulysses’ third fast latitude scan (green), (left) northward of 37� and (right) southward of 30�. Grey histograms correspond
to the scaled electron density obtained during Ulysses’ first latitude scan poleward of 40� for both hemispheres.
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mum. In contrast, the fast polar pass in 2007 exhibits a large
drop in the average scaled electron flux, both in the northern
(orange) at 1.4 � 1012 m�2 s�1 and southern hemispheres
(red) at 1.5 � 1012 m�2 s�1. This corresponds to a drop of
about 25% in particle flux between the 1994–1995 and
2007 solar minima. In both minima, the mean is almost
constant with heliolatitude in each hemisphere, namely the

product of the flux by the distance squared is nearly
independent of latitude.
[9] What is the origin of the drop in density and temper-

ature between the minima of solar cycles 22 and 23? In fact,
the fast latitude scan during cycle 22 took place slightly
before the minimum, so that the average sunspot number
was somewhat smaller during the 2007 fast latitude scan
than in 1994–1995. One should then expect a smaller HCS

Figure 3. Histograms of electron core temperature scaled to 1 AU assuming a R�0.64 variation, with a bin size of 5 � 103,
near the 2007 solar minimum during Ulysses’ third fast latitude scan (orange), (left) northward of 37� and (right) southward
of 30�. Grey histograms are the scaled core temperature obtained during Ulysses’ first latitude scan poleward of 40� for
both hemispheres.

Figure 4. (left) Scaled electron flux versus the modulus of the heliographic latitude in polar coronal hole wind during the
Ulysses fast latitude scans shown (right) near minimum in 1994–1995 (green for north pole and dark green for south pole),
near maximum in 2001 (blue dot for northern coronal hole), and near minimum in 2007 (orange for north pole and red for
south pole). Measurements are binned over a solar rotation and displayed with the corresponding mean and median. The
average over latitude of the scaled electron flux in the fast wind for both minima is shown by horizontal lines, each color
corresponding to each hemisphere. Also shown is composite of EIT (center), HAO Mauna Loa coronograph (inner ring)
and LASCO C2 (outer ring) coronal images during the three periods of Ulysses’ fast latitude scan labeled in the figure.
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tilt and extension in 2007. Instead, as seen in Figure 1 from
the electron measurements, the HCS has a larger extension.
This may be due to the fact that in 2007 polar coronal
holes are not as well developed as in 1994–1995; further-
more, the STEREO mission observed a mid-latitude coronal
hole, which is unexpected at solar minimum, suggesting a
complex solar magnetic field. Indeed, the composite coronal
image of SoHo shown in Figure 4 during the 2007 fast
latitude scan, has an unusual coronal structure for a solar
minimum configuration.
[10] Be that as it may, variations from cycle to cycle in

polar corona and solar wind properties are not unusual. For
example, the interplanetary magnetic field was lower than
average in cycle 20 [Richardson et al., 2002]. A secular
increase in the area of polar zones at activity minimum with
a corresponding decrease in coronal temperature at high
latitudes has been suggested [Makarov et al., 2004]. Finally,
the variations observed in the solar wind properties might be
related to the 22 year cycle or longer period ones, due to
fluctuations of the solar dynamo [see, e.g., Weiss, 1994].
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ULYSSES MISSION: THE END OF AN ODYSSEY

Issautier, K.1, Hoang, S.1 , Le Chat, G.1 , Meyer-Vernet, N.1 and Moncuquet, M.1

Abstract. After almost 18 years in space, the Ulysses mission explored the entire heliophere out-of-the
ecliptic plane over the solar activity cycle. The end of this unique mission is planned before the end of
December 2008 due to the decline in power produced by its on-board generators. We enlighten some major
impacts of the scientific results of the mission to the heliospheric community.

1 Introduction

The Ulysses mission is a cooperative programme between ESA and NASA, launched on 6 October 1990. The
goal of the mission was to study in four dimensions (space and time) the heliosphere, the magnetic bubble
created by the solar wind, which carries the solar magnetic field well beyond the outer reaches of the solar
system. Ulysses was also designed to study the solar wind, a constant stream of charged particles expelled by
the Sun at a speed up to 800 km/s. Ulysses provided the first-ever map of the heliosphere from equator to the
poles thanks to its special out-of-ecliptic orbit over the Sun. Ulysses is in a six-year orbit around the Sun. Its
long path through space carries it out of Jupiter’s orbit and back again. Ulysses explored the uncharted high
latitude regions of the heliosphere from 80o south to 80o north, within 5 AU of the Sun over a wide range of
solar activities. About the orbit of Ulysses over the Sun, the most interesting periods are the fast latitudinal
scans from 80o S to 80o N, lasting ten months, and occuring near solar minimum of activity in 1994-1995 and
near solar maximum in 2001. Since February 2007 Ulysses undertook a third pole-to-pole fast transit near the
minimum of cycle 23 when the solar magnetic dipole reversed with respect to the previous minimum (Smith
et al., 2003). The spacecraft carried 10 instruments to diagnosing the heliosphere through the solar activity.
French space laboratories, mainly supported by CNES, were fully associated to some of the main discoveries so
far. Ulysses, which is studied the Sun and its effect on the surrounding space for almost four times its expected
lifespan, will ceased to function because of the decline in power. We highlight below some major impacts on
the heliospheric physics.

2 Legacy of Ulysses

Ulysses was the first mission to survey the environment in space above and below the poles of the Sun in the
four dimensions of space and time. It showed that the sun’s magnetic field is carried into the solar system
in a more complicated manner than previously believed. Particles expelled by the sun from low latitudes can
climb up to high latitudes and vice versa, even unexpectedly finding the way down to planets. Before Ulysses,
the magnetic field was though to follows generally an archimedean spiral at all latitudes. Ulysses revealed it
is more complex. It spreads in latitude much more than was though (Fisk et al. 1996). Ulysses fast latitude
scans reveals that the radial field does not vary with latitude. The magnetic field is also more simple since it
simply rotates to 180o to achieve the polarity reversal. Indeed, the Sun does not emit solar wind steadily, but
the emission varies through a cycle of magnetic activity lasting approximately 11 years. The cycle culminates in
the reversal of the direction of the Sun’s magnetic field. Ulysses saw that on a large scale, the complexity of the
magnetic field near the solar surface simplifies into a field created by a bar magnet inside the Sun. When the
solar activity is at minimum, this bar magnet is aligned with the rotation poles. Six years later, at maximum,
the bar magnet has moved to lie at 90o to the rotation poles. It then continues moving so that by the time of
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the next minimum, it is aligned with the rotational pole again, but in the opposite orientation (Smith et al.,
2003).

The fast solar wind is coming from polar coronal holes of the Sun, and is blowing at 800 km/s. This kind of
wind was sporadically observed in the ecliptic plane before the Ulysses mission in contrast to the slow wind, of
400 km/s, predominantly present. Thanks to Ulysses unique trajectory, it was shown on the opposite that the
fast wind is the common wind, present all over the solar cycle, ”disappearing” at solar maximum when coronal
holes are not anymore present on the solar surface. Ulysses thus demonstrated the bimodal nature of the wind:
it discovered that a steady fast wind is present throughout most of the solar cycle. The average speed at high
latitudes is 750 km/s at all phases. The slow wind emerges on another hand from the sun’s equatorial zone.The
transition from slow to fast wind is showed to be relatively abrupt (see review of Neugebauer, 2001)

Energetic particles were studies in great detail near equator in the past. Could particles accelerated at low
latitudes near the sun or in interplanetary space reach high latitudes? At solar minimum, although acceleration
sites are restricted to low latitudes, energetic electrons and ions can reach into the polar caps. At solar maximum,
particles are present at all latitudes and are confined to the inner heliosphere in reservoirs from which they slowly
escape. Energetic particles are present at all phases of the solar cycle, also at quiet times. Their fast transport
to high latitude has revealed large scale restructuring of the coronal magnetic field, during solar events (Pick et
al., 1995). Acceleration mechanism that operates is still under question.

Ulysses detected and studied dust flowing into our solar system from deep space and showed that it was 30
times more abundant than astronomers suspected. Ulysses also detected heavy atomic nuclei racing into the
solar system. Known as cosmic rays, these are thought to have been accelerated by the explosion of high-mass
stars. Ulysses estimated that the average of a cosmic ray entering the solar system is 10-20 million years and
they have spent their lives streaming through the galaxy’s outer regions before finding their way into the solar
system. Galactic cosmic rays observed near the equator before Ulysses were known to be affected by changes
in solar activity. At both minimum and maximum, the distribution of cosmic rays is essentially spherically
symmetric: the flux is the same at the equator and in the polar regions. Do they have easy access to polar
regions of the heliosphere where the magnetic field is radial and weak? They don’t because their access is
opposed by large-amplitude waves on the magnetic field in the fast wind from the poles (Heber & Potgieter,
2008) .

During Ulysses pole-to-pole exploration around the Sun, the Unified Radio And Plasma (URAP) instrument
acquired in routine the electron density and temperature versus the heliolatitude using the QTN method. It is
based on in situ measurement of the electric field using wire antennas connected to a sensitive receiver. The
QTN method has been successfully applied to various environments encountered by Ulysses. For specific plasma
conditions, the radio technique is the only way to measure the density. The QTN method on Ulysses gave in
routine the electron density and temperature of the solar wind, and produced unique measurements of the Io
plasma torus aboard Ulysses, which led to a new understanding of the Io torus structure and stability. Because
of its reliability and accuracy, this technique is also used to calibrate and crosscheck other plasmas sensors
(Issautier et al., 2001; Maksimovic et al., 1995; Zouganelis, 2008). The accurate electron diagnostics give the
unique opportunity to understand the 3D structure of the solar wind over a full solar cycle. Especially, for the
first time the radial profiles of the electron density and temperature in the steady state fast solar wind were
obtained with accuracy during both solar minimum (in 1994-95 and in 2007) and maximum (2001) (Issautier et
al., 1998; Maksimovic et al., 2000; Issautier et al., 2004; Issautier et al., 2008). A north/south asymmetry was
found and studied over the full solar cycle (Issautier et al., 2003), thus extending our understanding of the origin
of the fast solar wind and its properties (Meyer-Vernet & Issautier, 1998; Zouganelis et al., 2004; Maksimovic
et al., 2005)

As a beautiful by-product from the URAP experiment, a result regarding the plasma populating the inner
magnetosphere of Jupiter, known as the Io plasma torus (IPT), was obtained by the Ulysses radio spectra
acquired in 1992. In contrast to the Voyager 1 or Galileo spacecraft, Ulysses passed through the IPT on
a north-to-south trajectory (of course because of Ulysses’ primal aim of going out of the Ecliptic) and nearly
tangentially to a magnetic shell (L ∼= 8 RJ), which allowed us, for the first time, the determination of the electron
density and temperature along the magnetic field (Meyer-Vernet et al., 1993; Moncuquet et al, 1995). The
principal and most unexpected result was that the electron temperature increased substantially with magnetic
latitude (doubling over 7o of latitude) and was anticorrelated with the electron density, obeying a polytropic
law T ∝ nγ−1, with an index γ of 0.48 (Meyer-Vernet et al., 1995). The need for a new plasma torus model,
especially its latitudinal structure, was driven by this result (Moncuquet et al., 2002; and references therein).
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In radioastronomy, combined observations derived from the HISCALE, URAP instruments, VIIM and FCM
magnetometers and Nançay radio heliograph, discovered the existence of magnetic channels, anchored in active
regions of the sun corona, which can survive over very large distances in the interplanetary medium, beyond 4
AU. Triggered by these beams, Langmuir waves were observed in these channels, being sources of solar Type III
bursts (Buttighoffer et al., 1995). In addition, radio observations combined with the Artemis radio spectrograph
provided for the first time measurements of their directivity. Ulysses also allowed tracking type II bursts over
long distances, a day before the shock hits the spacecraft, and unambiguously identifies the source region of
electrons, upstream of the shock. Finally, the URAP receivers monitored the Saturn kilometric radiations,
which are used to derive the rotation period of the planet. Observations have shown a striking difference in this
rotation, up to 1% from Voyager (Galopeau & Lecacheux, 2000). This problem is now extensively studied from
Cassini observations around Saturn.

Fig. 1. Histograms of the electron density and temperature measured in 2007 and 1994-95 during Ulysses fast polar pass

at high latitudes for northern and southern hemispheres. Adapted from Issautier et al., 2008.

3 Latest solar wind results from Ulysses’ third orbit

In 2007, Ulysses undertook its third polar pass over the Sun. The fast solar wind coming from polar coronal
regions on the Sun surface is now not so dense, not so hot compared to measurements previously obtained near
solar minimum in 1994-95 during Ulysses first orbit, a solar cycle ago.

Electron properties of this fast wind have been investigated using the onboard URAP radio experiment. We
observe a significant drop of 20 % of the electron density as well as a drop of 13% of the electron temperature
of the solar wind (Issautier et al., 2008). During that period, the solar wind is still blowing fast at 750 km/s.
Fig. 1 illustrates these results. It shows histograms of the electron density and temperature respectively of the
fast solar wind. We compared theses numbers for both solar hemispheres (north and south) during Ulysses fast
polar scans near minimum of activity in 1994-95 and 2007. Vertical lines represent averaged values showing the
drop on each hemisphere.

These results are based on wave measurements using electric antennas and a sensitive receiver. It gives an
accurate plasmas diagnostics of a few percent. It is important to point out that the weaker solar wind observed
in 2007 is also confirmed by other plasmas properties as discussed by McComas et al. (2008) and Smith et al.
(2008) from other instruments on Ulysses, thus avoiding any instrumental effects due to the aging of Ulysses
and its 18 years in space.

The fast solar wind is significantly less dense and cooler suggesting the present solar cycle minimum is
unusual. Indeed, sunspots number is dramatically low during this minimum. However, the structure of the
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magnetic configuration of the Sun’s corona does not show a classical minimum structure: During the third
Ulysses polar pass at high latitudes, polar coronal holes are not as well developed as in 1994-95. One more
thing to note is that as seen for example on STEREO coronal images, a mid-latitude coronal hole is present
at the surface of the Sun, which is unusual during this stage of the cycle. These results call in question our
knowledge on the solar cycle and enlighten that the variations observed in the solar wind properties might be
related to the 22-year solar cycle or longer periods, due to fluctuations of the solar dynamo.

4 The end of Ulysses

Ulysses uses a small Radioisotope Thermoelectric Generator (RTG). The amount of power available gradually
decreases with time. Since 2002, due to lack of power, not all of the instruments and systems could remain
switched on. Thus, they were alternatingly switched off. But one has to be careful not to switch anything off
for too long to avoid creating cold spots within the spacecraft body, otherwise its thruster fuel will freeze when
it reaches the critical level of temperature of 2o C . Once this appends, as it inevitably will, there is no way to
control the spacecraft.

Last year, the power drop became too serious. Ulysses no longer has enough power to run all of its com-
munications, heating and scientific equipment simultaneously. It was thus decided to test a new power-saving
strategy: the main transmitter was switching off for a while. Unfortunately, it was impossible to switch it on
again and it has left in addition a cold spot critically near a fuel line. This has a consequence of reducing the
data transmission rate, and using a less powerful transmitter on board and large ground antennas (70 m) on
Earth. Now Ulysses is slowly cooling as it is going away from the Sun. Once the temperature falls below 2o C,
its hydrazine fuel will freeze, and it will be impossible to manoeuvre because it will be impossible to point the
high gain antenna towards Earth. Ulysses will however continue unrelentingly its journey around the Sun.

Be that as it may, the rich treasure of unprecedented observations will keep the mission alive long after the
actual spacecraft has died.
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Study of stellar wind energy flux: from the Sun
to Beltegeuse

G. Le Chat, N. Meyer-Vernet and K. Issautier

LESIA, Observatoire de Paris, CNRS, UPMC, Université Paris Diderot ; 5 place Jules Janssen,
92190 Meudon, France

Abstract. This study examines the solar wind energy flux, from 17 years of Ulysses measurements
at different heliolatitudes, completed by multi-instrument observations. The solar wind energy flux
is almost constant, nearly independant on wind speed and solar activity. We then compare the energy
flux of the Sun to the stellar wind fluxes, in addition to the luminosity fluxes, from young stars to
supergiants. A share processus of origin and acceleration of the main-sequence stars and cool giants’
winds is suggested. T-Tauri stars’winds show a possible result of an accretion powered wind.

Keywords: solar wind, stellar wind, energy flux, mass-loss rate
PACS: 96.60.Vg, 97.10.Me

INTRODUCTION

During the last two decades our knowledge of the solar wind had been increased by

the Ulysses mission. Ulysses was the first and only spacecraft exploring the heliosphere

outside the ecliptic plan, from 80◦ south to 80◦ north heliolatitudes. This allowed us to
have a global view of the solar wind.

In this paper, we study the stellar wind energy flux, defined in the equation 1,

W =
Ṁ

4πR2

(

V 2

2
+
MG

R

)

(1)

where Ṁ is the mass-loss rates, R and M the star radius and mass, V the stellar wind

bulk speed, and G the Gravitational constant. In other words, the wind energy flux is

the sum (per unit surface on the star) of the kinetic energy of the wind and the energy

needed to lift it out the star’s gravitational potential.

We focuse on the solar case, before extending this study to other stars.

SOLARWIND

In this work, we use the ULYSSES/SWOOPS observations (Bame 1992 [1]), namely

the solar wind proton and alpha particle densities and the solar wind speed. We also use

the solar wind ions density and speed of the WIND/SWE instrument (Gloeckler 1995

[6]) to have a reference point near the Earth’s orbit. The SWOOPS data cover the period

from 1992 to 2008 and the SWE’s one from 1995 to 2008, without times period when

WIND was inside the Earth magnetosphere.
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FIGURE 1. From top to bottom : the solar sunspot number; the Ulysses spacecraft heliocentric latitude

(hlat) and distance (R); the solar wind speed and density (protons + alpha particles) measured by Ulysses;

the solar wind energy flux at the solar surface computes from Ulysses (continuous) and Wind (dashed)

data; and the solar wind mass flux scaled at 1 AU computes from Ulysses (continuous) andWind (dashed)

data. The energy flux and mass flux data are averages over a solar rotation (taken as 27.2 days).

Figure 1 shows that the solar wind energy fluxes from SWOOPS and SWE instru-
ments match everytime both instruments are available. This is not the case for the mass

flux, where the SWOOPS and SWE data only match when the Ulysses spacecraft was

close enougth to the ecliptic plane (between 30◦S and 30◦N latitude). Furthermore, the
energy flux measured on Ulysses remains constant as the spacecraft heliolatitude varies

from −80◦ to +80◦, whereas the wind speed and the mass flux varie by a factor of two.
Therefore, the solar wind energy flux is independant on heliocentric latitude and wind

speed.

Figure 1 also shows that the solar wind energy flux is almost independent on solar

activity. The mean value of the energy flux, over the 17 years of Ulysses data, is

79W.m−2 at the solar surface, which is about 10−6 of the luminosity flux. Nevertheless,
the last minimum of solar activity shows a significant decrease in nearly all the solar
wind properties: magnetic field (Smith et al, 2008 [14]), electron temperature and density

(Issautier et al, 2008 [9]) and proton and alpha particles density (McComas et al, 2008

[12]), producing a decrease in the solar wind energy flux of about 20% between the solar

minima of activity near 1996 and 2008.

STELLARWIND

We use stellar wind data for a spread of stars: red dwarfs in binary systems (Debes 2006
[5]); solar-like stars (Wood et al., 2005 [15]); cool giants (Lobel & Dupree, 2000 [10],

Robinson et al., 1998 [13], Carpenter et al., 1999 [2], Harper et al., 1995 [7]); and T

Tauri Stars (Hartigan et al., 1995 [8]).
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FIGURE 2. Stellar wind energy flux versus luminosity flux, for differents kind of stars mentioned in

the figure. Lines are linear fits (see text).

This data set contains stars with mass ranging from 0.1M⊙ to 630M⊙, with effective
temperature from 3000◦K to 27000◦K and mass-loss rate from 10−16M⊙.yr−1 to
8.10−8M⊙.yr−1.

Figure 2 compares the stellar wind energy flux (equation 1) with the star luminosity

flux (from SIMBAD and references therein). Four groups of data can be seen in fig.

2: one with the T Tauri stars (diamonds); an other with the Sun (cross), the solar-like

stars (head down triangles) and the cool giants (circles); and the last two ones by the red
dwarfs (head up triangles).

Fits, using nonlinear least-squares Marquardt-Levenberg algorithm, show that the

energy flux of the T tauri stars varies as luminosity flux at the power 2.3± 0.7. For
the Sun, solar-like and cool giants group, the energy fluxes are roughtly independant

of the luminosity flux (W ∝ L0.02±0.5), being equal to 102W.m−2 to a factor of 102.
The latter result should be taken with caution considering the observational limits to

measure mass-loss rate for main sequence stars (Cranmer 2008 [4]). The red dwarfs

have an energy flux in the same range except the three higher ones which correspond

to the stars with the bigger accretion mass or for one case (RD464) to a possibly triple

system (Debes 2006 [5]).

DISCUSSION

The energy flux of the solar wind is similar in the whole heliosphere, and doesn’t change

between fast and slow wind. Therefore the energy flux should be a good observable for

stellar winds.

The study of a spread of stellar winds shows that the energy flux is almost constant

for Solar-like and cool giant stars. This suggests a shared processus at the origin and
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the acceleration of stellar winds. The higher energy flux of the T-Tauri stars and binary

dwarfs can be a result of accretion powered stellar winds (Matt & Pudritz 2005 [11] and

Cranmer 2008 [3]).
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The transport of energy in collisionless plasmas, especially in space plasmas, is far from being

understood. Measuring the temperature of the electrons and their nonthermal properties can give

important clues to understand the transport properties. Quasi-thermal noise �QTN� spectroscopy is

a reliable tool for measuring accurately the electron density and temperature since it is less sensitive

to the spacecraft perturbations than particle detectors. This work models the plasma QTN using a

generalized Lorentzian �“kappa”� distribution function for the electrons. This noise is produced by

the quasi-thermal fluctuations of the electrons and by the Doppler-shifted thermal fluctuations of the

ions. A sum of two Maxwellian functions has mainly been used for modeling the QTN of the

electrons, but the observations have shown that the electrons are better fitted by a kappa distribution

function. Pioneer work on QTN calculation only considered integer values of �. This paper extends

these calculations to real values of � and gives the analytic expressions and numerical calculations

of the QTN with a kappa distribution function. This paper shows some generic properties and gives

some practical consequences for plasma wave measurements in space. © 2009 American Institute

of Physics. �doi:10.1063/1.3243495�

I. INTRODUCTION

In collisionless plasma, like the solar wind, the mecha-

nism of energy transport is still an open question. Due to the

high difference of mass between the ions and the electrons,

the electrons transport the energy whereas the ions transport

the impulsion. Consequently, measuring accurately the tem-

perature of the electrons and their nonthermal properties with

quasi-thermal spectroscopy can give important clues to un-

derstand the energy transport properties.

By the same way as a passive electric antenna is sensi-

tive to electromagnetic waves, it is also sensitive to local

fluctuations of the electric potential. These fluctuations are

produced by the motions of the ambient electrons and ions.

As soon as the plasma is stable, this quasi-thermal noise

�QTN� is completely determined by the particle velocity dis-

tributions in the frame of the antenna.
1

The problem is simpler in the absence of a static mag-

netic field or at frequencies much higher than the electron

gyrofrequency, since in this case the plasma can be consid-

ered to be an assembly of “dressed test” particles moving in

straight lines. The QTN spectrum around the plasma fre-

quency fp consists of a noise peak just above fp produced by

electron quasi-thermal fluctuations. Since the plasma density

ne is proportional to fp
2, this allows an accurate measurement

of the electron density. In addition, since the shape of the

spectrum is determined by the electron velocity distribution,

the analysis of the spectrum reveals its properties. One of the

main advantages of the QTN spectroscopy is its relative im-

munity to the spacecraft potential and photoelectrons pertur-

bations which, in general, affect particle analyzers.
2,3

A sum of two Maxwellian functions has mainly been

used for modeling the electron velocity distributions. The

observations have shown that the suprathermal electrons are

better fitted by a generalized Lorentzian �“kappa”� distribu-

tion function,
4

first introduced to model space data by

Vasyliunas
5

and Olbert.
6

In this paper, we compute the QTN

obtained for such electron distribution functions with real

kappa parameter. Chateau and Meyer-Vernet
7

only consid-

ered integer values of � in order to simplify the calculation

of the longitudinal dielectric permittivity. Section II shows

how to generalize this calculation to real values of kappa and

gives the corresponding QTN. In Sec. III, we present other

contributions to the thermal noise in usual space plasmas.

General properties of the QTN are shown in Sec. IV.

II. KAPPA ELECTRON THERMAL NOISE

A. Basics

The voltage power spectrum of the plasma QTN at the

terminals of an antenna in a plasma drifting with velocity

V� is

V�
2 =

2

�2��3� � k� · J�

k
�2

E2�k�,� − k� · V� �d3k . �1�

The first term in the integral involves the antenna response to

electrostatic waves, which depends on the Fourier transform

J��k�� of the current distribution along the antenna. The second

term is the autocorrelation function of the electrostatic field

fluctuations in the antenna frame. At frequencies much

higher than the gyrofrequency, we have
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E2�k�,�� = 2�
� jq j

2�f i�v����� − k� · v��d3
v

k2�0
2��L�k�,���2

, �2�

f j�v�� being the velocity distribution of the jth species of

charge q j and �L�k� ,�� the plasma longitudinal function.
8

In the case of electrons, the thermal velocity is usually

higher than the plasma velocity V� , so using a few manipula-

tions using the isotropy of f�v��,9,10
we obtain

V2 =
16m�p

2

��0

�
0

�
F�kL�B�k�

k2��L�2
dk �3�

with

B�k� =
2�

k
�

�/k

�

vf�v�dv , �4�

�L = 1 +
2��p

2

k
�

−�

+�
v	f�v	�

kv	 − � − io
dv	 , �5�

where v	 is the component of v� parallel to k�. The term io

denotes an infinitesimal positive imaginary part, and the

function F specifies the antenna geometry as

F�x� =
1

x

Si�x� −

1

2
Si�2x� −

2

x
sin4� x

2
� �wires� , �6�

F�x� =
1

4
�1 −

sin x

x
� �spheres� , �7�

where Si is the sine integral function.

B. Choice of the distribution function

We choose the following generalized Lorentzian func-

tion as electron velocity distribution:

f��v� =
A

�1 + v
2
/�v0

2��+1
, �8�

with

A =
��� + 1�

����3/2
v0

3��� − 1/2�
, �9�

where ��x� denotes the gamma function and v0 is the thermal

speed related to the kinetic temperature Te as

v0 =�2� − 3

�

kBTe

me

, �10�

where kB is the Boltzmann constant and me is the electron

mass.

Such f� functions will be named in this paper as “kappa

functions;” � is a real number, which, from Eq. �10�, must be

greater than 3/2. In the upper limit �→�, these functions are

equivalent to Maxwellian functions.

These functions were largely discussed in Refs. 7 and 11

and citations therein. As pointed out by Valentini and

D’Agosta,
12

the interest of kappa distributions to describe

experimental data is increased since these distributions turn

out to be a consequence of the entropy generalization

through the generalized Boltzmann H theorem
13–17

in the de-

bated nonextensive thermodynamics proposed by Tsallis in

1988.
18

Furthermore, related distribution functions are repro-

duced from the Fokker–Planck equation as a consequence of

wave-particle interactions in the presence of collisions and

are compatible with the Kullback relative entropy.
19

We define the Debye length in this plasma as

LD =
v0

�p

� �

2� − 1
�1/2

, �11�

which is the shielding distance of low-frequency electric per-

turbations with a kappa distribution.
7

C. Longitudinal dielectric permittivity

The longitudinal dielectric permittivity is given by Eq.

�5�. Considering a kappa function, we obtain

�L = 1 +
2��p

2

k
A�

−�

+�
v	

�kv	 − � − io��1 + v	
2
/�v0

2��+1
dv	 .

�12�

Setting x=v	 /�1/2
v0 and z=� /�1/2kv0, and using partial frac-

tion decomposition of the integrand, we obtain

�L = 1 +
2��p

2

k2 � 1

�v0
2

� − 1/2

�
+ zI� �13�

with

I = Av0�1/2�
−�

+�
dx

�x − z − io��x2 + 1��+1
. �14�

The integrand I shows a pole for x=z+ io. Setting

1

�x2 + 1��+1
= 
 1

�x2 + 1��+1
−

1

�z2 + 1��+1 +
1

�z2 + 1��+1
,

�15�

we obtain

I = Av0�1/2��
−�

+� 1

�x − z − io�

 1

�x2 + 1��+1

−
1

�z2 + 1��+1dx + 
 1

�z2 + 1��+1�
−�

+�
dx

�x − z − io�� .

�16�

The first integrand shows a multiplying factor that vanishes

when x=z. It is analytic near the real axis and the term io is

no longer required. The second term is calculated by the

residue theorem, indenting the contour about z+ io with a

small semicircle and closing it by a large semicircle in the

upper half-plane, and gives

i�

�z2 + 1��+1
.

Thus the imaginary part of the dielectric permittivity is
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Im��L� =
2��� + 1�z3

��� − 1/2�r2

��

�z2 + 1��+1
, �17�

where r= f / fp=w /wp.

The first part of Eq. �16� will be numerically integrated

taking care of the infinite upper and lower limits. Due to the

term 1 / �x−z�, the integration needs to be separated in three

parts,

�
−�

+� 1

�x − z�

 1

�x2 + 1��+1
−

1

�z2 + 1��+1dx

= �
−�

−	 1

�x − z�

 1

�x2 + 1��+1
−

1

�z2 + 1��+1dx

+ �
−	

+	 1

�x − z�

 1

�x2 + 1��+1
−

1

�z2 + 1��+1dx

+ �
+	

+� 1

�x − z�

 1

�x2 + 1��+1
−

1

�z2 + 1��+1dx , �18�

where 	
z, so that

− 1

�z2 + 1��+1��
−�

−	 1

�x − z�
dx + �

+	

+� 1

�x − z�
dx�

=
− 1

�z2 + 1��+1
ln�	 + z

	 − z
� .

The remaining parts are proper integrals which can be

calculated numerically after using Taylor’s expansion in

l’Hôpital’s rule around x=z. The longitudinal dielectric per-

mittivity calculated by this method is valid for any values of

kappa greater than 3/2. In the particular case when � is inte-

ger, it is equivalent to the formula given by Ref. 7 and used

in Refs. 11 and 20.

D. Kappa electron thermal noise

The fluctuations of the electrostatic field are given in Eq.

�3�. The dielectric function �L has just been calculated. F�kL�
depends on the geometry of the antenna with expression �6�
or expression �7� for, respectively, wire or sphere antennas,

where L is the length of the antenna. Let us now calculate

B�k�.
Inserting Eq. �8� into Eq. �4�, we get

B�k� =
2�A

k
�

�/k

+�
v

�1 + v
2
/�v0

2��+1
dv ,

which gives, after we set x=v
2
/�v0

2 and z=� /�1/2kv0,

B�k� =
�Av0

2

k

1

�1 + z2�� . �19�

Substituting this expression of B�k� into Eq. �3� and setting

r=� /�p, u=L /LD with LD given by Eq. �11�, v0 given by

Eq. �10�, and A given by Eq. �9�, we find the expression of

the normalized QTN spectrum,

V2

Te
1/2

=
16

�3/2�0�

1

r2
me

1/2
kB

1/2�2� − 3�1/2
��� + 1�

��� − 1/2�

��
0

+�

F� ru

z�2� − 1�1/2� zdz

��L�2�1 + z2�� . �20�

Figure 1 shows that the calculations presented in this

section agree with the results of Chateau and Meyer-Vernet
7

for integer values of �. A linear interpolation between two

integer values of � may not be accurate enough to calculate

V2 with real values of �, especially for ��3.

III. OTHER CONTRIBUTIONS OF THE
QUASI-THERMAL NOISE

A. Shot noise and antenna impedance

Since the antenna is a physical object which disturbs the

trajectories of the particles �they cannot pass through its sur-

face� and furthermore the antenna surface can eject photo-

electrons, there is an additional noise, which will be called

shot noise in this paper. In dilute space plasmas, the antenna

radius a and dc potential  often satisfy a�LD and

�e /kBTe��1. Then, a good approximation for this shot

noise
10

is given by

VS
2 = 2e2Ne�Z�2, �21�

where Ne= �4��−1/2nvtheS is the electron impact rate on one

antenna arm
10

with S=2�aL and S=4�a2 for a wire and a

sphere antenna, respectively.

The antenna impedance Z is given by

Z =
4i

�2�0�
�

0

�
F�kL�Fa�ka�

�L

dk , �22�

with the function F given in Eq. �6� or Eq. �7�, and Fa taking

into account the finite radius a of the antenna as
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FIG. 1. Electron noise power level in V2 Hz−1 as a function of � between 2

and 8 calculated for a wire antenna with l=35 m, ne=4�105 m−3, and

Te=1.5�105 K for three frequencies such as f � fp, f � fp, and f 
 fp. The

cross symbols show our calculation for real values of � and the black square

symbols are calculated by the formula given by Chateau and Meyer-Vernet

�Ref. 7� for integer values of �. The lines are the linear interpolations be-

tween two close integer values of �.
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Fa�x� = J0
2�x� �wires� ,

Fa�x� = � sin x

x
�2

�spheres� ,

where J0�x� is the Bessel’s function.

The relative contribution of this noise VS
2
/V2 for f / fp

�1 is generally negligible for the wire dipole �since a�LD�,
but it is dominant for sphere antennas.

10
This is the reason

why QTN measurements on space missions used wire di-

poles. For wire antennas, this noise decreases with frequency

as 1 / f2.

The antenna impedance �22� is the main contribution of

the radio receiver impedance ZR.
21

Hence the voltage power

spectrum V�
2 , which is the interesting quantity, is related to

that measured by the receiver VR
2 by the relation

VR
2 = V�

2� ZR

ZR + Z
�2

. �23�

Thus, a good determination of the antenna impedance is re-

quired for any accurate plasma measurement.

B. Ion thermal noise in drifting plasma

In the case of a drifting plasma where the thermal veloc-

ity vthi of the ion is smaller than the velocity of the plasma V,

like the solar wind, the lower-frequency part of the QTN

spectrum is due to the above-mentioned shot noise and to the

ion thermal noise, which is Doppler shifted by the plasma

velocity. This noise has been extensively studied in Ref. 3.

The ion contribution to the voltage power spectrum in cylin-

drical coordinates of axis parallel to V� is

Vi
2 =

8

�5/2

ne2

�0
2

1

vthi

�
0

+�
dk

k3

� �
−1

+1 exp��� − kVu�2
/vthi

2 k2�

��L�k�,� − kVu��2
du

� �
0

2� sin4� kL

2
cos ��

�kL cos ��2
d� , �24�

where u=cos � with � as the angle between k� and V� , and � is

the angle between the antenna and k� given by

cos � = u cos 	 + �1 − u2 sin 	 cos � ,

where 	 is the angle between V� and the antenna, and � is the

azimuthal angle of k� in a plane perpendicular to V� .

To deduce a simpler formula to be used for a plasma

diagnostic, one could consider the two simple cases where

the antenna is perpendicular or parallel to the velocity V� .
3

The first case is the most interesting in practice. Since the

effect of the velocity is maximum for k� parallel to V� and

since for a long antenna the maximum response is ultimately

at 90° from the antenna direction,
22

the ion contribution to

the thermal noise �which increases with the Doppler shift� is

expected to be maximum when the antenna is perpendicular

to V� .

Figure 2 represents a typical example of QTN spectrum

in the solar wind �solid line� and its different contributions:

the electron QTN considering kappa distribution with �
=3.5 �dashed line�, the Doppler-shifted proton noise �dotted

line�, and the shot noise �dashed-dotted line� for a wire di-

pole antenna such as L /LD=8 with �=3.5, n=5.6

�106 m−3, Te=1.12�105 K, Tp=2.7�105 K, and V

=800 km s−1.

IV. RESULTS AND DISCUSSIONS

In this part, since the sphere antennas are not used in

practice for QTN analysis, we will focus on the electron

contribution of the QTN with a wire dipole antenna. The

double sphere antenna case can be found in Ref. 7 for integer

value of �.

Figure 3 shows a set of normalized spectra calculated

with a kappa distribution with �=3.5 for different values of

the normalized antenna length L /LD. This illustrates the ge-
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neric behavior of QTN spectra: a plateau below fp, a cutoff at

fp with a peak, which is sharper for longer antennas, and a

high-frequency spectrum proportional to f−3. The spectrum is

nearly flat for short antennas. For longer antennas, the peak

is sharp and occurs at fp, which allows a very precise

measurement of ne since the electron density is proportional

to fp
2.

Figure 4 shows the effect of changing the parameter �
for a wire dipole antenna with two different values of the

antenna length, 4 and 64 m corresponding to, respectively,

0.5 and 8 times the Debye length for �=3.5, n=5.6

�106 m−3, and Te=1.12�105 K. Thus, the spectrum with

u=0.5 and u=8 is equivalent in Figs. 3 and 4. The low-

frequency level does not depend very much on � for ��1,

especially for shorter antennas. This is because it depends

mainly on the bulk of the velocity distribution.
9,10

The effect

of varying � is stronger close to the plasma frequency. We

also see that for a long wire antenna the high-frequency level

depends not on �, but only on n and Te. At frequency close to

the plasma frequency, the phase velocity of Langmuir waves

becomes very large, since the wave number is zero at fp.

Consequently, the fastest particles will resonate with these

waves, producing the noise peak at f � fp. Since the � index

is related to the proportion of suprathermal electrons, its high

influence on the QTN spectrum at the plasma frequency is

easily explained.

V. CONCLUSIONS

We developed the numerical solution for the determina-

tion of the longitudinal dielectric permittivity in the case of a

kappa distribution function for all values of � and applied it

to the QTN spectroscopy. We derived the following proper-

ties of the electron QTN in this case. The � parameter’s main

influence takes place close to the plasma frequency and

above. The high-frequency �f � fp� noise level on a wire an-

tenna of length L�LD only depends on the electron density

�n� and temperature �Te�, and the analytic expression

V2�V2 Hz−1� � 4 � 10−11Te�K�n�m−3�/f3�Hz�L�m�

given by Chateau and Meyer-Vernet
7

can be used to obtain

an approximation of the noise level. Therefore the measure-

ment of this level gives a direct determination of the pressure

for any stable distribution function.

Figure 5 summarizes the parameters one could expect to

determine with the QTN spectroscopy in a drifting and col-

lisionless plasma, like the solar wind. In a more practical

view, the calculation of the QTN with any value of the pa-

rameter � allows us to analyze the data provided by space

missions in order to obtain precise measurements of the elec-

tron density, temperature, and nonthermal parameters in the

solar wind, which is essential to understand the energy trans-

port in collisionless plasma.
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Quasi-thermal noise spectroscopy: preliminary comparison
between kappa and sum of two Maxwellian distributions
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Abstract. Quasi-thermal noise spectroscopy has been intensively used to measure in situ the solar wind electron density
and core temperature in space with various spacecraft. This method allowed study of the large-scale properties of the solar
wind. This paper reminds theoretical tools to compute the quasi-thermal noise spectroscopy using a superposition of two
Maxwellian distributions to describe the electrons, and the ones using a kappa distribution, which has been recently extended
to non integer values of kappa. This paper presents an example of Ulysses data fitted with quasi-thermal noise using a kappa
and the sum of two Maxwellians. We make a preliminary comparison of the two results.

Keywords: Solar Wind, Radio Science
PACS: 95.55.Jz, 96.50.Ci

INTRODUCTION

By the same way as a passive electric antenna is sensi-
tive to electromagnetic waves, it is also sensitive to local
fluctuations of the electric field. These fluctuations are
produced by the motions of the ambient electrons and
ions. When the plasma is stable, this quasi-thermal noise
(QTN) is completely determined by the particle velocity
distributions in the frame of the antenna [11]. Since the
shape of the spectrum is mainly determined by the elec-
tron velocity distribution, the analysis of the spectrum
reveals its properties. One of the main advantages of the
QTN spectroscopy is its relative immunity to the space-
craft potential and photo-electrons perturbations, which,
in general, affect particle analyzers [4, 10].

In the solar wind, the mechanism of energy transport
is still an open question. Measuring accurately the tem-
perature of the electrons and their non thermal prop-
erties with quasi-thermal spectroscopy can give impor-
tant clues to understand the energy transport properties.
The implementation of this tool on Ulysses, assuming an
electron velocity distribution made of a superposition of
two Maxwellians, has given radial profiles for the elec-
tron density and core temperature with a good accuracy
[3, 5, 6]. However, the radial profile of the total tem-
perature of the electrons was less accurately determined.
Analysis of the same data set, but assuming a kappa dis-
tribution, is expected to improve the accuracy of this
measurement. The observations have also shown that the
supra-thermal electrons are better fitted by a kappa dis-
tribution [8, 14].

In this work, we compare the QTN computed for a su-
perposition of two Maxwellians and a kappa distribution
function. We show preliminary results on data reduction
with kappa distribution using in situ electron measure-
ments performed by the low-band radio receiver of the
URAP experiment on Ulysses. This receiver is connected
to a 2× 35m thin strip dipole antenna and covers the fre-
quency range from 1.25 to 48.5kHz in 128s [13].

QUASI-THERMAL NOISE

SPECTROSCOPY

The voltage power spectrum of the plasma quasi-thermal
noise at the terminals of an antenna in a plasma drifting
with velocity ~V is

V 2
ω =

2
(2π)3

∫

∣

∣

∣

∣

∣

~k · ~J
k

∣

∣

∣

∣

∣

2

E2(~k,ω −~k ·~V )d3k (1)

The first term in the integral involves the antenna
response to electrostatic waves, which depends on the
Fourier transform ~J(~k) of the current distribution along
the antenna. The second term is the auto-correlation
function of the electrostatic field fluctuations in the an-
tenna frame. At frequencies much higher than the gyro-
frequency, we have
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E2(~k,ω) = 2π
Σ jq

2
j

∫

f j(~v)δ (ω −~k ·~v)d3v

k2ε20

∣

∣

∣
εL(~k,ω)

∣

∣

∣

2 (2)

f j(~v) being the velocity distribution of the jth species of
charge q j and εL(~k,ω) the plasma longitudinal function
[12].

In the case of electrons, the thermal velocity is usually
higher than the plasma velocity ~V so, after a few manip-
ulation using the isotropy of f (~v) [1, 9], we obtain

V 2
ω =

16mω2
p

πε0

∫ ∞

0

F(kL)B(k)

k2|εL|2
dk (3)

with:

B(k) =
2π

k

∫ ∞

ω/k
v f (v)dv (4)

εL = 1 +
2πω2

p

k

∫ +∞

−∞

v‖ f (v‖)

kv‖−ω − io
dv‖ (5)

where v‖ is the component of~v parallel to~k. The term io

denotes an infinitesimal positive imaginary part, and the
function F specifies the antenna geometry as

F(x) =
1
x

[

Si(x)− 1
2
Si(2x)− 2

x
sin4

( x

2

)

]

(6)

for wire antenna, with Si the sine integral function.
Equations 3, 4 and 5 enable us to calculate the theoret-

ical spectrum as a function of the velocity distribution of
the particles.

Superposition of two Maxwellians

A sum of two Maxwellian functions has mainly been
used for modeling the electron velocity distributions in
quasi-thermal noise analysis. The first one describes the
core (density nc, temperature Tc), and the second one
describes the supra-thermal halo (density nh, temperature
Th).

In this case, the parameters obtained are: the electron
density ne, the temperature of the core distribution Tc, the
ratios α = nh/nc and τ = Th/Tc.

Kappa function

We use the following generalized Lorentzian function
as electron velocity distribution:

fκ(v) =
A

(1+ v2/κv20)
κ+1

(7)

with:

A =
Γ(κ +1)

(πκ)3/2v30Γ(κ −1/2)
(8)

where Γ(x) denotes the gamma function and v0 is the
thermal speed related to the kinetic temperature Te as:

v0 =

√

2κ −3
κ

kBTe

me

(9)

where kB is the Boltzmann constant and me the electron
mass.

Such fκ functions will be named in this paper ”kappa
functions”; κ is a real number, which, from eq. 9 must
be greater than 3/2. In the upper limit κ → ∞, these
functions are equivalent to Maxwellians functions.

We define the Debye length in this plasma as

LD =
v0

ωp

(

κ

2κ −1

)1/2

(10)

which is the shielding distance of low-frequency electric
perturbations with a ”Kappa” distribution [2].

In the case of a kappa function as electron velocity
distribution, the electron thermal noise becomes [7]:

V 2
ω

T
1/2
e

=
16

π3/2ε0κ

1
r2
m
1/2
e k

1/2
B (2κ −3)1/2

Γ(κ +1)
Γ(κ −1/2)

×
∫ +∞

0
F

(

ru

z(2κ −1)1/2

)

zdz

|εL|2(1+ z2)κ
(11)

with z = ω/κ1/2kv0, r = f/ fp = ω/ωp and u = L/LD,
where L is the length of one antenna arm.

The parameters obtained are: the electron density ne,
the electron temperature Te and the kappa index κ .

Shot noise and proton thermal noise

Since the antenna is a physical object, which disturbs
the trajectories of the particles (they cannot pass through
its surface) and furthermore the antenna surface can eject
photo-electrons, there is an additional noise, which will
be called shot noise in this paper.

If the antenna of radius a satisfies a < LD, then a
good approximation for this shot noise for a Maxwellian
distribution of thermal speed vthe = (2kBTe/me)

1/2[9] is
given by

V 2
S ≈ 2e2Ne|Z|2 (12)

where Ne ≈ βneS < v > /4, is the electron impact rate
on one antenna arm of surface S, and β = 1 + eφ/kBTe
with φ ≈ 3.6V for Ulysses spacecraft. Z is the dipole
antenna impedance. <> denotes an average over the
velocity distribution, and the term 1/4 stems from av-
eraging over the velocity directions of incoming parti-
cles. For a Maxwellian, we have< v>=

√

8kBT/πm =

317

Downloaded 12 Apr 2010 to 145.238.168.2. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp

❇✳✺✳ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✿ ♣r❡❧✐♠✐♥❛r② ❝♦♠♣❛r✐s♦♥
❜❡t✇❡❡♥ ❦❛♣♣❛ ❛♥❞ s✉♠ ♦❢ t✇♦ ▼❛①✇❡❧❧✐❛♥ ❞✐str✐❜✉t✐♦♥s ✶✸✺



2vthe/
√

π . The electron impact rate finally becomes
Ne ≈ (4π)−1/2neSvthe β .

In the case of a two Maxwellians plasma, this gives
[9]:

Ne ≈ (4π)−1/2ncvtc

(

βc + ατ1/2
)

S (13)

with vtc = (2kBTc/me)
1/2 and βc = 1 + eφ/kBTc.

For a "kappa" plasma, < v> becomes [2]:

< v>= 2

√

κ

π

Γ(κ −1)
Γ(κ −1/2)

v0

with v0 defined in the eq. 9.
This finally gives:

Ne ≈ (4π)−1/2neβκS
Γ(κ −1)

Γ(κ −1/2)

√

(2κ −3)
kBTe

me

(14)

with

βκ = 1 +
2κ −2
2κ −3

eφ

kBTe

Thus, we obtain the shot noise level by putting the
eq. 13, or 14, in eq. 12, for a superposition of two
Maxwellians and a kappa distribution, respectively.

In the case of the solar wind where the thermal ve-
locity of the protons vthp is smaller than the velocity of
the plasmaV , the lower-frequency part of the QTN spec-
trum is due to the above-mentioned shot noise and to
the proton thermal noise, which is Doppler-shifted by the
plasma velocity. This noise has been extensively studied
by Issautier et al. [4] and applied to kappa distributions
recently [7, 15].

The total noise is finally the sum of the quasi-thermal
noise of the electrons, the Doppler-shifted thermal noise
of the proton and the shot noise, multiplied by the
receiver gain [1, 7, 9, 15]. The shot noise and the proton
thermal noise only contribute at low frequency, when
f < fp [4, 7, 9, 15].

Figure 1 represents two quasi-thermal noise spectra
artificially separated: one for a superposition of two
Maxwellians, and the other for a kappa function as elec-
tron velocity distributions. The main influences of the
measured parameters are shown in the figure. Slight dif-
ferences in the proton parameters do not affect the elec-
trons parameters measured. So, in the kappa case, we
use for the proton parameters Tp and V those measured
by the SWOOPS experiment on Ulysses in order to save
calculation time. Thus, in the next section, we fit the 64
frequencies of the URAP receiver with only three free
parameters, namely ne, Te, and κ .

Figure 1 shows that one of the differences between this
two cases is that the total electron temperature Te is not
related to the shape of the noise peak [2, 7] when using
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s
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Frequency normalized to the plasma frequency (f/fp)
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FIGURE 1. Typical QTN spectra with a kappa velocity
distribution for the electrons (dash-dotted line) and a two-
Maxwellians distribution (solid line). The main influences of
the measured parameters are shown.

a kappa function, but is strongly related to it for the two-
Maxwellians case, since:

Temax = Tc

(

1 + ατ

1 + α

)

(15)

where α = nh/nc and τ = Th/Tc. Since, for any sta-
ble distribution function, the high frequency part of the
quasi-thermal noise depends only on the electron pres-
sure [2, 7], it appears that the measured total temperature
should be weakly dependant of the velocity distribution,
namely Temax ≈ Te.

RESULTS

Figure 2 represents an example of power spectrum, mea-
sured in the solar wind with the URAP experiment, fitted
by a theoretical quasi-thermal noise power spectrum with
a sum of two Maxwellians and a kappa electron veloc-
ity distributions. The best fitted electron parameters for
the two Maxwellians are: ne = 2.79 ± 0.04cm−3, Tc =
7.1 ± 0.4 · 104K, α = 0.04 ± 0.01 and τ = 8.5 ± 0.9.
With the kappa distribution, the fitted parameters are:
ne = 2.83± 0.01cm−3, Te = 9.0± 0.2 ·104K, and κ =
3.1 ± 0.1.

The total temperature for the superposition of two
Maxwellians, obtained using eq. 15, is: Temax = 9.2 ±
1.2 ·104K, which is in good agreement with the temper-
ature obtained with the kappa distribution. The accuracy
of the total electron temperature is better using a kappa
distribution than using a sum of two Maxwellians. Note
that the URAP receiver gives each spectrum every 128s,
in which time the plasma properties may change. More-
over, the accuracy of the electron density depends on the
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FIGURE 2. Example of power spectrum (in V 2Hz−1) mea-
sured in the solar wind with the URAP receiver connected to
the 2 × 35m dipole antenna, at about 1.3 AU from the Sun and
6◦N of heliocentric latitude. The data are plotted as heavy dots.
The solid line shows the theoretical QTN for two Maxwellians
electron distribution, which corresponds to the best fit of the
data. The dash-dotted line is the theoretical QTN for kappa
electron distribution, which corresponds to the best fit of the
data. The best fit parameters are shown.
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FIGURE 3. Comparison of the sum of two Maxwellians
and the kappa electron velocity distribution compute with the
best fit electron parameters of the figure 2. The corresponding
parameters are shown.

frequency resolution, which is 750Hz for this data. Both
effects tend to round up the measured peak at the plasma
frequency.

Figure 3 compares the electron velocity distributions
corresponding to the best fits of the figure 2.

DISCUSSION

Preliminary results of quasi-thermal noise analysis us-
ing kappa electron velocity distribution are promising.

In particular, the density and temperature measurements
agree with the ones obtained with a superposition of two
Maxwellians. Furthermore, the accuracy of the total elec-
tron temperature in the kappa case is improved, com-
pared to the one estimated by a sum of two Maxwellians,
although the fitting using a kappa distribution uses less
free parameters. Detailed analysis of the comparison be-
tween a kappa function and a sum of two Maxwellians
needs further studies. We will apply the QTN method
using a kappa function to the Ulysses data in routine, in
particular during its three fast polar passes to determine
accurately the radial variation of the total electron tem-
perature.
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A. N. Fazakerley, and E. E. Scime, J. Geophys. Res., 114,
A05104 (2009).

15. I. Zouganelis, J. Geophys. Res. 113, 8111 (2008).

319

Downloaded 12 Apr 2010 to 145.238.168.2. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp

❇✳✺✳ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✿ ♣r❡❧✐♠✐♥❛r② ❝♦♠♣❛r✐s♦♥
❜❡t✇❡❡♥ ❦❛♣♣❛ ❛♥❞ s✉♠ ♦❢ t✇♦ ▼❛①✇❡❧❧✐❛♥ ❞✐str✐❜✉t✐♦♥s ✶✸✼



✶✸✽ ❆♥♥❡①❡ ❇✳ P✉❜❧✐❝❛t✐♦♥s

❇✳✻ ❉❡t❡❝t✐♦♥ ♦❢ ❢❛st ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ t❤❡ s♦❧❛r
✇✐♥❞

◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ❆✳ ❈③❡❝❤♦✇s❦✐✱ ■✳ ▼❛♥♥✱ ▼✳ ▼❛❦s✐♠♦✈✐❝✱ ❆✳ ▲❡❝❛❝❤❡✉①✱

❑✳ ●♦❡t③✱ ▼✳ ▲✳ ❑❛✐s❡r✱ ❖✳ ❈✳ ❙✳ ❈②r✱ ❙✳ ❉✳ ❇❛❧❡✱ ❛♥❞ ●✳ ▲❡ ❈❤❛t

✭♣✉❜❧✐é ❡♥ ✷✵✶✵ ❞❛♥s ❚❲❊▲❋❚❍ ■◆❚❊❘◆❆❚■❖◆❆▲ ❙❖▲❆❘ ❲■◆❉ ❈❖◆✲

❋❊❘❊◆❈❊✳ ❆■P ❈♦♥❢❡r❡♥❝❡ Pr♦❝❡❡❞✐♥❣s✱ ❱♦❧✉♠❡ ✶✷✶✻✱ é❞✐té ♣❛r ▼✳ ▼❛❦s✐✲

♠♦✈✐❝✱ ❑✳ ■ss❛✉t✐❡r✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ▼✳ ▼♦♥❝✉q✉❡t✱ ✫ ❋✳ P❛♥t❡❧❧✐♥✐✮



Detection of fast nanoparticles in the solar wind
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Abstract. Dust grains in the nanometer range bridge the gap between atoms and larger grains made of bulk material. Their
small size embodies them with special properties. Due to their high relative surface area, they have a high charge-to-mass ratio,
so that the Lorentz force in the solar wind magnetic field exceeds the gravitational force and other forces by a large amount,
and they are accelerated to a speed of the order of magnitude of the solar wind speed. When such fast nanoparticles impact
a spacecraft, they produce craters whose matter vaporises and ionises, yielding transient voltages as high as do much larger
grains of smaller speed. These properties are at the origin of their recent detection at 1 AU in the solar wind. We discuss the
detection of fast nanoparticles by wave instruments of different configurations, with applications to the recent detections on
STEREO/WAVES and CASSINI/RPWS. Finally we discuss the opportunities for nanoparticle detection by wave instruments
on future missions and/or projects in the inner heliosphere such as Bepi-Colombo and Solar Orbiter.
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NANO-DUST IN THE SOLAR WIND

Nanoparticles lie at the frontier between two well-

studied solar wind populations: ions and dust grains.

Such particles have been inferred a long time ago in the

interstellar medium ([5] and refs. therein). More recently,

nanoparticles produced in the heliosphere have been sug-

gested to be accelerated to speeds of the order of magni-

tude of the solar wind speed by the solar wind motional

electric field [7]. Nevertheless, there is still no instrument

dedicated to their measurement onboard interplanetary

space probes.

Indeed, cosmic dust analyzers in space have not been

calibrated to measure dust grains moving faster than 100

km/s, so that the serendipitous discovery on Ulysses of

nanoparticles expelled by Jupiter required a theoretical

modelling of dust dynamics [18]. Such nanoparticles

were subsequently confirmed from dust detector data

on other spacecraft, outside their calibration ranges, and

recently with the wave (RPWS) instrument on Cassini

[15].

The recent first detection by STEREO/WAVES in the

interplanetary medium at 1 AU, of fast nanoparticles

presumably produced in the inner heliosphere, opens

new perspectives. This detection was serendipitous, too,

due to favourable configuration of the electric antennas

[14].

CHARGE AND SPEED OF

INTERPLANETARY DUST

The charging of bodies in interplanetary space is mainly

governed by photoelectron emission and by collection of

ambient electrons. For most materials, photoemission is

largely dominant, so that the surfaces are charged to a

potential which binds sufficiently the photoelectrons to

make their escaping flux balance that of incoming elec-

trons, i.e. to several Volts positive since the photoelec-

tron "temperature" ∼1-3 eV [10]. For nanoparticles of

size smaller than the photon attenuation length and com-

parable to the photoelectron escape length, the yield is

enhanced [2], still increasing the positive potential.

For a given potential, the grain charge is roughly pro-

portional to its size, so that a three-dimensional grain has

a charge-to-mass ratio q/m inversely proportional to its

surface area. For a grain of radius 10 nm (mass m ∼
10−20kg), q/m ≃ 10−5e/mp. With such a high charge-

to-mass ratio, the Lorentz force in the solar wind mag-

netic field is much greater than the solar gravitational

attraction and other forces, and the Larmor frequency

is much greater than the orbital Keplerian frequency,

so that grains produced farther than about 0.15 AU can

reach at 1 AU a speed of the order of magnitude of

the solar wind speed [7]. Figure 1 shows the speed as

a function of heliocentric distance for a sample of nu-
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FIGURE 1. Speed of nanoparticles of charge-to-mass ratio
q/m = 10−5e/mp as a function of heliocentric distance with a
simple model of the interplanetary dust cloud and of the solar
wind [1].

merically calculated trajectories of nanograins [1], as-

suming a simple solar wind model, with the particles

produced by collisions in the interplanetary dust cloud

within 1 AU at initial positions distributed over this re-

gion [6]. Smaller grains, which have a greater q/m ra-

tio, reach similar speeds, whereas larger grains (smaller

q/m), reach smaller speeds.

MEASURING FAST DUST GRAINS

WITH A WAVE INSTRUMENT

When a grain impacts a spacecraft at a high speed, the

energy dissipated vaporises and partly ionises the grain

as well as a part of the target’s material [3]. This pro-

duces an expanding plasma cloud whose residual charge

induces an electric pulse which can be detected by the

antennas (Fig.2) as soon as the Debye length in the cloud

exceeds the cloud size. This process is akin to that used

by grain mass spectrometers in space [4].

Dust impact ionisation involves complex processes not

fully included in laboratory simulations and theory at

present, so that the impact generated charge Q is deter-

mined semiempirically with a large uncertainty. It varies

with the grain’s mass and speed approximately as Q ≃
0.7 m v3.5 with Q in Cb, m in kg, v in km s−1 [8]. Since

the above coefficients depend on mass, speed, angle of

incidence, as well as grain and target composition, Q

may differ from this relationship by one order of mag-

nitude. In the absence of laboratory measurement with

fast nanoparticles, we make the bold assumption that this

relationship also holds for them, within limits set by en-

ergy conservation [14]. For interplanetary nanoparticles

at 1 AU that are moving at about 300 km/s for m ≤ 10−20

kg, we find Q ∼ 108 ×m in this mass range. Since larger

grains cannot reach high speeds, Q no longer increases

with m for m > 10−20 kg, so that the maximum charge is

Q ∼ 10−12 Cb.

FIGURE 2. Basics of the electric detection of a fast grain
impinging on a spacecraft

The time scale of the electric pulses is set by the

time τ at which the cloud expansion at speed Vexp has

reduced its plasma density to the ambient level na, i.e.,

τ ∼ Rmax/Vexp where the maximum cloud size is Rmax ∼
(Q/ena)

1/3. This sets the order of magnitude of the pulse

rise time, τrise ∼ τ , whereas the decay time, generally

determined by filtering, is much longer. For pulses of rate

N, maximum amplitude δV , and rise time τ , the power

spectrum is [11]

V 2
f ≃ 2 < NδV 2

ω
−2(1+ω

2
τ

2)−1 > (1)

at frequencies f = ω/2π much greater than the pulses’

inverse decay time, where the angular brackets stand for

averaging over the pulses detected during the receiver ac-

quisition time. This produces a power spectrum varying

as f−4 at frequencies greater than 1/2πτ (Fig.3).

FIGURE 3. Typical pulse produced grain impact ionisation
(top left), result after instrumental filtering (bottom left), and
power spectral density in different frequency ranges (right).

The amplitude of the individual pulses produced by

impact ionisation of nanodust, and of the corresponding

voltage power spectrum, depends on the antenna config-

uration.

With long antennas extending far from the spacecraft

- the usual configuration - the voltage is generally due
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to the variation Q in spacecraft charge upon a grain im-

pact, making the spacecraft potential (with capacitance

C) vary by δV1 ∼ Q/C. In that case, each antenna boom

in monopole mode (where one measures the difference

in voltage between the boom and the spacecraft) detects

simultaneously a pulse −δV1, and the whole spacecraft

area can serve as a target. However, the detected volt-

age is much smaller in dipole mode (where one measures

the difference in voltage between two booms), since the

spacecraft voltage pulses are then detected only via in-

balances in the antenna/receiver system.

Such observations have been made recently on

Cassini/RPWS (Figure 4, left) near Jupiter, when the

data from the on-board dust detector, together with

Galileo observations and calculations of particle dynam-

ics, indicated impacts of nanoparticles on the spacecraft.

The RPWS voltage produced by nanodust impacts

was detected only in monopole mode, with the three

booms detecting simultaneously the same signal. Even

though the individual pulses are of very small amplitude,

the power spectrum is not, because the target area for

impacts can be the whole spacecraft. Comparing the

observations with the spectrum (1), with δV ∼−δV1 and

the above expressions of Q and τ ∝ Q1/3, yields results

consistent with those of the dust detector [15]. Note

that with a grain mass distribution dnG/dm ∝ m−11/6,

the spectrum (1) is V 2
f ∝ f−4

∫

dm m4/3dnG/dm at high

frequencies, which is proportional to the integrated

squared surface area of the particles, and therefore

depends (weakly) on the largest particles detected.

FIGURE 4. Examples of power spectrum measured with the
lowest filter of the h.f. receiver on Cassini/RPWS near Jupiter.
The left and right spectra are produced respectively by dust
impacts and by the ubiquitous plasma quasi-thermal noise.

On STEREO/WAVES, an additional process takes

place because the antenna booms extend close to the

spacecraft surface, and their length L is not much greater

than the maximum cloud size Rmax. In that case, a sig-

nificant part of a boom can be immersed in the impact

plasma clouds, so that each impact closer to the boom

than ∼ Rmax, produces on this boom a voltage pulse

δV2 ∼ TeVRmax/L where TeV is the temperature in the

cloud in eV [17]. With Q ∼ 10−12 Cb and the interplane-

tary electron density na ∼ 5×106 m−3 at 1 AU, the max-

imum cloud size is Rmax ∼ 1 m, so that, with a STEREO

boom of length L ∼ 6 m and T ∼ 2 eV, the pulse am-

plitude is δV2 ∼ 0.3 V. Since this holds for impacts on

the spacecraft closer to the boom than ∼ Rmax, the corre-

sponding target area ∼ R2
max.

In contrast, with the capacitance C ∼ 200 pF, the vari-

ation in spacecraft potential has the much smaller ampli-

tude | δV1 |∼ 5×10−3 V. This is consistent with the ob-

served STEREO/WAVES detection of the pulses mainly

on one boom, in either monopole or dipole mode (voltage

pulse ∼ δV2), whereas the other booms measure simul-

taneously pulses of much smaller amplitude ( ∼−δV1).

With the above expressions of Q and τ ∝ Rmax ∝ Q1/3,

we estimate the voltage power spectrum (1) by inte-

grating the individual pulses δV ∼ δV2 over the grain

mass distribution dnG/dm. Since the impact rate is pro-

portional to the flux times the target surface R2
max, we

have V 2
f ∝ f−4

∫

dm m2/3dnG/dm at high frequencies,

which is proportional to the integrated surface area of the

nanoparticles. With a mass distribution ∝ m−11/6 (equiv-

alent to a size distribution ∝ r−7/2), the high frequency

power spectrum level depends (very weakly) on the min-

imum particle size.

Figure 5 shows an example of power spectrum on

STEREO/WAVES in the three l.f. bands, acquired se-

quentially with an acquisition time decreasing with fre-

quency, so that the upper band has so short an acquisition

time that it only sees the ubiquitous plasma quasi-thermal

noise [12]. The observations averaged over the year 2007

are compatible with the flux of nanoparticles obtained

by extrapolating the interplanetary dust distribution with

dnG/dm ∝ m−11/6 [14].

FIGURE 5. Example of power spectrum measured with
STEREO/WAVES in the three l.f. bands, with a typical indi-
vidual waveform inserted. The spectra in the two lower bands
are produced by dust impacts; the higher band (of very small
acquisition time) detects only the plasma quasi-thermal noise.
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IMPLEMENTATION ON FUTURE

MISSIONS IN THE INNER

HELIOSPHERE
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FIGURE 6. Modelled power spectrum from fast nanopar-
ticle impacts on Bepi-Colombo with a 15-m monopole an-
tenna in Mercury magnetospheric cavity (left) and on Solar
Orbiter/RPW with a 1-m boom close to the spacecraft (right).

Wave instruments are used in routine on space mis-

sions to measure in situ the electron density and tem-

perature, using quasi-thermal noise spectroscopy [13].

This requires dipole electric antennas longer than the

ambient Debye length [12]. That wave instruments can

also measure dust was realized when both the radio

and the plasma wave instruments on Voyager 2 detected

serendipitously micro-dust grains near Saturn - opening

the way to a novel technique for measuring dust, subse-

quently applied in various environments [9].

The recent observations in the solar wind by

STEREO/WAVES at 1 AU, and by Cassini/RPWS

near Jupiter, the latter being simultaneous with observa-

tions by the on-board dust detector, showed that wave

instruments can also measure fast nanoparticles. Even

though wave detection of dust has still to be systemat-

ically calibrated, it is complementary to conventional

methods because the wave technique has a very large

collecting area (which can be the whole spacecraft), and

is much less reliant on spacecraft attitude. Furthermore,

it requires few additional resources since it is a by-

product of the plasma wave instrument - only requiring

that the returned data include also the monopole voltage.

Nanoparticles have never been observed in the inner

heliosphere closer than 1 AU. Investigating their origin

and dynamics, their interaction with the solar wind parti-

cles, and their possible contribution to the observed mi-

nor ions, is a major goal. We therefore propose to use the

wave instruments on Bepi-Colombo, and on the project

Solar Orbiter, to measure fast nanoparticles.

Figure 6 shows a simulation of voltage power spectra

produced in monopole mode by fast nanoparticles im-

pacting on Bepi-Colombo (left) and Solar Orbiter (right)

near 0.3 AU. In both cases, we have estimated the par-

ticle flux by extrapolating inward the value detected at

1 AU on STEREO, and estimated the impact charge Q

from the dust speed shown in Fig. 1. For Bepi-Colombo,

with an antenna of 15-m length extending perpendicular

to the spacecraft surface, the voltage pulses are expected

to be due to the pulses in spacecraft potential δV1. Figure

6 (left) shows that below a few tens kHz the power spec-

trum produced by fast interplanetary nanoparticles is ex-

pected to be much greater than the plasma quasi-thermal

noise in the Hermean magnetospheric cavity [16].

For Solar Orbiter/RPW, we have assumed a 1-m boom

close to the spacecraft, so that the voltage pulses pro-

duced by nanodust impacts are due to the pulses in

boom potential δV2, and are therefore of much greater

amplitude. The corresponding voltage power spectrum

in the solar wind is expected to exceed the plasma

quasi-thermal noise at frequencies below a few tens kHz

(Fig. 6, right).
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t❤❡ ■♥♥❡r ❍❡❧✐♦s♣❤❡r❡✳ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✼✶✹✿✽✾✕✾✾✱ ✷✵✶✵✳

❏✳ ❍✳ ❉❡❜❡s ✿ ▼❡❛s✉r✐♥❣ ▼ ❉✇❛r❢ ❲✐♥❞s ✇✐t❤ ❉❆❩ ❲❤✐t❡ ❉✇❛r❢s✳ ❚❤❡

❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✻✺✷✿✻✸✻✕✻✹✷✱ ✷✵✵✻✳

❙✳ ❉r❛♣❛t③ ❡t ❑✳ ❲✳ ▼✐❝❤❡❧ ✿ ❚❤❡♦r② ♦❢ s❤♦❝❦✲✇❛✈❡ ✐♦♥✐③❛t✐♦♥ ✉♣♦♥ ❤✐❣❤✲
✈❡❧♦❝✐t② ✐♠♣❛❝t ♦❢ ♠✐❝r♦♠❡t❡♦r✐t❡s✳ ❩❡✐ts❝❤r✐❢t ◆❛t✉r❢♦rs❝❤✉♥❣ ❚❡✐❧ ❆✱ ✷✾✿
✽✼✵✕✽✼✾✱ ✶✾✼✹✳

❘✳ ❲✳ ❊❜❡rt✱ ❉✳ ❏✳ ▼❝❈♦♠❛s✱ ❍✳ ❆✳ ❊❧❧✐♦tt✱ ❘✳ ❏✳ ❋♦rs②t❤ ❡t ❏✳ ❚✳
●♦s❧✐♥❣ ✿ ❇✉❧❦ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❧♦✇ ❛♥❞ ❢❛st s♦❧❛r ✇✐♥❞ ❛♥❞ ✐♥t❡r✲
♣❧❛♥❡t❛r② ❝♦r♦♥❛❧ ♠❛ss ❡❥❡❝t✐♦♥s ♠❡❛s✉r❡❞ ❜② ❯❧②ss❡s ✿ ❚❤r❡❡ ♣♦❧❛r ♦r✲
❜✐ts ♦❢ ♦❜s❡r✈❛t✐♦♥s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱ ✶✶✹
✭❆✶✸✮✿✶✶✵✾✱ ✷✵✵✾✳

●✳ ●❧♦❡❝❦❧❡r✱ ❏✳ ●❡✐ss✱ ❍✳ ❇❛❧s✐❣❡r✱ P✳ ❇❡❞✐♥✐✱ ❏✳ ❈✳ ❈❛✐♥✱ ❏✳ ❋✐s❤❡r✱
▲✳ ❆✳ ❋✐s❦✱ ❆✳ ❇✳ ●❛❧✈✐♥✱ ❋✳ ●❧✐❡♠ ❡t ❉✳ ❈✳ ❍❛♠✐❧t♦♥ ✿ ❚❤❡ ❙♦❧❛r ❲✐♥❞



❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✹✺

■♦♥ ❈♦♠♣♦s✐t✐♦♥ ❙♣❡❝tr♦♠❡t❡r✳ ❆str♦♥♦♠② ❛♥❞ ❆str♦♣❤②s✐❝s ❙✉♣♣❧❡♠❡♥t

❙❡r✐❡s✱ ✾✷✿✷✻✼✕✷✽✾✱ ✶✾✾✷✳

●✳ ●❧♦❡❝❦❧❡r✱ ❍✳ ❇❛❧s✐❣❡r✱ ❆✳ ❇ür❣✐✱ P✳ ❇♦❝❤s❧❡r✱ ▲✳ ❆✳ ❋✐s❦✱ ❆✳ ❇✳
●❛❧✈✐♥✱ ❏✳ ●❡✐ss✱ ❋✳ ●❧✐❡♠✱ ❉✳ ❈✳ ❍❛♠✐❧t♦♥✱ ❚✳ ❊✳ ❍♦❧③❡r✱ ❉✳ ❍♦✈✲
❡st❛❞t✱ ❋✳ ▼✳ ■♣❛✈✐❝❤✱ ❊✳ ❑✐rs❝❤✱ ❘✳ ❆✳ ▲✉♥❞❣r❡♥✱ ❑✳ ❲✳ ❖❣✐❧✈✐❡✱
❘✳ ❇✳ ❙❤❡❧❞♦♥ ❡t ❇✳ ❲✐❧❦❡♥ ✿ ❚❤❡ ❙♦❧❛r ❲✐♥❞ ❛♥❞ ❙✉♣r❛t❤❡r♠❛❧ ■♦♥
❈♦♠♣♦s✐t✐♦♥ ■♥✈❡st✐❣❛t✐♦♥ ♦♥ t❤❡ ❲✐♥❞ ❙♣❛❝❡❝r❛❢t✳ ❙♣❛❝❡ ❙❝✐❡♥❝❡ ❘❡✈✐❡✇s✱
✼✶✿✼✾✕✶✷✹✱ ✶✾✾✺✳

●✳ ●❧♦❡❝❦❧❡r✱ ❏✳ ●❡✐ss✱ ◆✳ ❆✳ ❙❝❤✇❛❞r♦♥✱ ▲✳ ❆✳ ❋✐s❦✱ ❚✳ ❍✳ ❩✉r✲
❜✉❝❤❡♥✱ ❋✳ ▼✳ ■♣❛✈✐❝❤✱ ❘✳ ✈♦♥ ❙t❡✐❣❡r✱ ❍✳ ❇❛❧s✐❣❡r ❡t ❇✳ ❲✐❧❦❡♥ ✿
■♥t❡r❝❡♣t✐♦♥ ♦❢ ❝♦♠❡t ❍②❛❦✉t❛❦❡✬s ✐♦♥ t❛✐❧ ❛t ❛ ❞✐st❛♥❝❡ ♦❢ ✺✵✵ ♠✐❧❧✐♦♥ ❦✐❧♦✲
♠❡tr❡s✳ ◆❛t✉r❡✱ ✹✵✹✿✺✼✻✕✺✼✽✱ ✷✵✵✵✳

❆✳ ▲✳●r❛♣s✱ ❊✳●rü♥✱ ❍✳ ❙✈❡❞❤❡♠✱ ❍✳❑rü❣❡r✱ ▼✳❍♦rá♥②✐✱ ❆✳❍❡❝❤ ❡t
❙✳ ▲❛♠♠❡rs ✿ ■♦ ❛s ❛ s♦✉r❝❡ ♦❢ t❤❡ ❏♦✈✐❛♥ ❞✉st str❡❛♠s✳ ◆❛t✉r❡✱ ✹✵✺✿✹✽✕✺✵✱
✷✵✵✵✳

❑✳ ■✳●r✐♥❣❛✉③✱ ❱✳ ❱✳ ❇❡③r♦❦✐❦❤✱ ❱✳ ❉✳❖③❡r♦✈ ❡t ❘✳ ❊✳ ❘②❜❝❤✐♥s❦✐✐ ✿ ❆
❙t✉❞② ♦❢ t❤❡ ■♥t❡r♣❧❛♥❡t❛r② ■♦♥✐③❡❞ ●❛s✱ ❍✐❣❤✲❊♥❡r❣② ❊❧❡❝tr♦♥s ❛♥❞ ❈♦r✲
♣✉s❝✉❧❛r ❘❛❞✐❛t✐♦♥ ❢r♦♠ t❤❡ ❙✉♥ ❜② ▼❡❛♥s ♦❢ t❤❡ ❚❤r❡❡✲❊❧❡❝tr♦❞❡ ❚r❛♣
❢♦r ❈❤❛r❣❡❞ P❛rt✐❝❧❡s ♦♥ t❤❡ ❙❡❝♦♥❞ ❙♦✈✐❡t ❈♦s♠✐❝ ❘♦❝❦❡t✳ ❙♦✈✐❡t P❤②s✐❝s
❉♦❦❧❛❞②✱ ✺✿✸✻✶✱ ✶✾✻✵✳

❊✳ ●r✉♥✱ ❍✳ ❆✳ ❩♦♦❦✱ ❍✳ ❋❡❝❤t✐❣ ❡t ❘✳ ❍✳ ●✐❡s❡ ✿ ❈♦❧❧✐s✐♦♥❛❧ ❜❛❧❛♥❝❡ ♦❢
t❤❡ ♠❡t❡♦r✐t✐❝ ❝♦♠♣❧❡①✳ ■❝❛r✉s✱ ✻✷✿✷✹✹✕✷✼✷✱ ✶✾✽✺✳

●✳ ▼✳ ❍❛r♣❡r✱ ❇✳ ❊✳❲♦♦❞✱ ❏✳ ▲✳ ▲✐♥s❦②✱ P✳ ❉✳ ❇❡♥♥❡tt✱ ❚✳ ❘✳ ❆②r❡s ❡t
❆✳ ❇r♦✇♥ ✿ ❆ ❙❡♠✐❡♠♣✐r✐❝❛❧ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❲✐♥❞ ❱❡❧♦❝✐t② ❙tr✉❝t✉r❡
❢♦r t❤❡ ❍②❜r✐❞✲❈❤r♦♠♦s♣❤❡r❡ ❙t❛r ❛❧♣❤❛ ❚r✐❛♥❣✉❧✐ ❆✉str❛❧✐s✳ ❚❤❡ ❆str♦✲

♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✹✺✷✿✹✵✼✕✹✷✷✱ ✶✾✾✺✳

P✳ ❍❛rt✐❣❛♥✱ ❙✳ ❊❞✇❛r❞s ❡t ▲✳ ●❤❛♥❞♦✉r ✿ ❉✐s❦ ❆❝❝r❡t✐♦♥ ❛♥❞ ▼❛ss
▲♦ss ❢r♦♠ ❨♦✉♥❣ ❙t❛rs✳ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✹✺✷✿✼✸✻✕✼✻✽✱ ✶✾✾✺✳

❈✳ ❍♦❢❢♠❡✐st❡r ✿ P❤②s✐❦❛❧✐s❝❤❡ ❯♥t❡rs✉❝❤✉♥❣❡♥ ❛♥ ❑♦♠❡t❡♥✳ ■✳ ❉✐❡
❇❡③✐❡❤✉♥❣❡♥ ❞❡s ♣r✐♠är❡♥ ❙❝❤✇❡✐❢str❛❤❧s ③✉♠ ❘❛❞✐✉s✈❡❦t♦r✳ ▼✐t ✷ ❆❜❜✐❧✲
❞✉♥❣❡♥✳ ❩❡✐ts❝❤r✐❢t ❢✉r ❆str♦♣❤②s✐❦✱ ✷✷✿✷✻✺✕✷✽✼✱ ✶✾✹✸✳

❑✳ ■ss❛✉t✐❡r✱ ◆✳▼❡②❡r✲❱❡r♥❡t✱ ▼✳▼♦♥❝✉q✉❡t ❡t ❙✳ ❍♦❛♥❣ ✿ ❆ ♥♦✈❡❧
♠❡t❤♦❞ t♦ ♠❡❛s✉r❡ t❤❡ s♦❧❛r ✇✐♥❞ s♣❡❡❞✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡rs✱
✷✸✿✶✻✹✾✕✶✻✺✷✱ ✶✾✾✻✳



✶✹✻ ❇✐❜❧✐♦❣r❛♣❤✐❡

❑✳ ■ss❛✉t✐❡r✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ▼✳ ▼♦♥❝✉q✉❡t ❡t ❙✳ ❍♦❛♥❣ ✿ ❙♦❧❛r
✇✐♥❞ r❛❞✐❛❧ ❛♥❞ ❧❛t✐t✉❞✐♥❛❧ str✉❝t✉r❡ ✲ ❊❧❡❝tr♦♥ ❞❡♥s✐t② ❛♥❞ ❝♦r❡ t❡♠♣❡r✲
❛t✉r❡ ❢r♦♠ ❯▲❨❙❙❊❙ t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣②✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧

❘❡s❡❛r❝❤✱ ✶✵✸✭❆✷✮✿✶✾✻✾✕✶✾✼✾✱ ✶✾✾✽✳

❑✳ ■ss❛✉t✐❡r✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ▼✳ ▼♦♥❝✉q✉❡t✱ ❙✳ ❍♦❛♥❣ ❡t ❉✳ ❏✳
▼❝❈♦♠❛s ✿ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ ✐♥ ❛ ❞r✐❢t✐♥❣ ♣❧❛s♠❛ ✿ ❚❤❡♦r② ❛♥❞ ❛♣♣❧✐✲
❝❛t✐♦♥ t♦ s♦❧❛r ✇✐♥❞ ❞✐❛❣♥♦st✐❝ ♦♥ ❯❧②ss❡s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱
✶✵✹✿✻✻✾✶✕✻✼✵✹✱ ✶✾✾✾✳

❑✳ ■ss❛✉t✐❡r✱ ▼✳ ▼♦♥❝✉q✉❡t ❡t ❙✳ ❍♦❛♥❣ ✿ ▲❛r❣❡✲s❝❛❧❡ str✉❝t✉r❡ ♦❢ t❤❡
♣♦❧❛r s♦❧❛r ✇✐♥❞ ❛t s♦❧❛r ♠❛①✐♠✉♠ ✿ ❯▲❨❙❙❊❙✴❯❘❆P ♦❜s❡r✈❛t✐♦♥s✳ ■♥

▼✳ ❱❡❧❧✐✱ ❘✳ ❇r✉♥♦✱ ❋✳ ▼❛❧❛r❛ ❡t ❇✳ ❇✉❝❝✐✱ é❞✐t❡✉rs ✿ ❙♦❧❛r ❲✐♥❞

❚❡♥✱ ✈♦❧✉♠❡ ✻✼✾ ❞❡ ❆♠❡r✐❝❛♥ ■♥st✐t✉t❡ ♦❢ P❤②s✐❝s ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s✱ ♣❛❣❡s
✺✾✕✻✷✱ ✷✵✵✸✳

❑✳ ■ss❛✉t✐❡r✱ ▼✳ ▼♦♥❝✉q✉❡t ❡t ❙✳ ❍♦❛♥❣ ✿ ❙♦❧❛r ❲✐♥❞ ❊❧❡❝tr♦♥ P❛r❛♠✲
❡t❡rs ❢r♦♠ ❯▲❨❙❙❊❙✴❯❘❆P ◗✉❛s✐✲❚❤❡r♠❛❧ ◆♦✐s❡ ▼❡❛s✉r❡♠❡♥ts ❛t ❙♦❧❛r
▼❛①✐♠✉♠✳ ❙♦❧❛r P❤②s✐❝s✱ ✷✷✶✿✸✺✶✕✸✺✾✱ ✷✵✵✹✳

❑✳ ■ss❛✉t✐❡r✱ ●✳ ▲❡ ❈❤❛t✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ▼✳ ▼♦♥❝✉q✉❡t✱
❙✳ ❍♦❛♥❣✱ ❘✳ ❏✳ ▼❛❝❉♦✇❛❧❧ ❡t ❉✳ ❏✳ ▼❝❈♦♠❛s ✿ ❊❧❡❝tr♦♥ ♣r♦♣❡r✲
t✐❡s ♦❢ ❤✐❣❤✲s♣❡❡❞ s♦❧❛r ✇✐♥❞ ❢r♦♠ ♣♦❧❛r ❝♦r♦♥❛❧ ❤♦❧❡s ♦❜t❛✐♥❡❞ ❜② ❯❧②ss❡s
t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✿ ◆♦t s♦ ❞❡♥s❡✱ ♥♦t s♦ ❤♦t✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤
▲❡tt❡rs✱ ✸✺✿▲✶✾✶✵✶✱ ✷✵✵✽✳

●✳ ❍✳ ❏♦♥❡s✱ ❆✳ ❇❛❧♦❣❤ ❡t ❚✳ ❙✳ ❍♦r❜✉r② ✿ ■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❝♦♠❡t
❍②❛❦✉t❛❦❡✬s ❡①tr❡♠❡❧② ❧♦♥❣ ✐♦♥ t❛✐❧ ❢r♦♠ ♠❛❣♥❡t✐❝ ✜❡❧❞ s✐❣♥❛t✉r❡s✳ ◆❛✲

t✉r❡✱ ✹✵✹✿✺✼✹✕✺✼✻✱ ✷✵✵✵✳

●✳ ❍✳ ❏♦♥❡s✱ ❊✳ ❆✳ ▲✉❝❡❦✱ ❆✳ ❇❛❧♦❣❤✱ ❘✳ ❏✳ ▼❛❝❉♦✇❛❧❧✱ ❉✳ ❏✳ ▼❝✲
❈♦♠❛s ❡t ❊✳ ❏✳ ❙♠✐t❤ ✿ ❆ ❤✐❣❤✲❧❛t✐t✉❞❡ ✐♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝ ✜❡❧❞
❡♥❤❛♥❝❡♠❡♥t ❛t ❯❧②ss❡s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱
✶✵✼✿✶✵✺✹✱ ✷✵✵✷✳

●✳ ❍✳ ❏♦♥❡s✱ ❆✳ ❇❛❧♦❣❤✱ ❉✳ ❏✳ ▼❝❈♦♠❛s ❡t ❘✳ ❏✳ ▼❛❝❉♦✇❛❧❧ ✿ ❙tr♦♥❣
✐♥t❡r♣❧❛♥❡t❛r② ✜❡❧❞ ❡♥❤❛♥❝❡♠❡♥ts ❛t ❯❧②ss❡s✲❡✈✐❞❡♥❝❡ ♦❢ ❞✉st tr❛✐❧s✬ ✐♥t❡r✲
❛❝t✐♦♥ ✇✐t❤ t❤❡ s♦❧❛r ✇✐♥❞ ❄ ■❝❛r✉s✱ ✶✻✻✿✷✾✼✕✸✶✵✱ ✷✵✵✸✳

❏✳ ❑❛s♣❡r ✿ ❙♦❧❛r ❲✐♥❞ P❧❛s♠❛✱ ❑✐♥❡t✐❝ Pr♦♣❡rt✐❡s ❛♥❞ ▼✐❝r♦✲■♥st❛❜✐❧✐t✐❡s✳
❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ▼■❚✱ ✷✵✵✷✳

❙✳ ❑❡♠♣❢✱ ❘✳ ❙r❛♠❛✱ ▼✳ ❍♦rá♥②✐✱ ▼✳ ❇✉rt♦♥✱ ❙✳ ❍❡❧❢❡rt✱
●✳ ▼♦r❛❣❛s✲❑❧♦st❡r♠❡②❡r✱ ▼✳ ❘♦② ❡t ❊✳ ●rü♥ ✿ ❍✐❣❤✲✈❡❧♦❝✐t②
str❡❛♠s ♦❢ ❞✉st ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ❙❛t✉r♥✳ ◆❛t✉r❡✱ ✹✸✸✿✷✽✾✕✷✾✶✱ ✷✵✵✺✳



❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✹✼

❍✳ ▲❛♠②✱ ❱✳ P✐❡rr❛r❞✱ ▼✳ ▼❛❦s✐♠♦✈✐❝ ❡t ❏✳ ❋✳ ▲❡♠❛✐r❡ ✿ ❆ ❦✐♥❡t✐❝
❡①♦s♣❤❡r✐❝ ♠♦❞❡❧ ♦❢ t❤❡ s♦❧❛r ✇✐♥❞ ✇✐t❤ ❛ ♥♦♥♠♦♥♦t♦♥✐❝ ♣♦t❡♥t✐❛❧ ❡♥❡r❣②
❢♦r t❤❡ ♣r♦t♦♥s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱ ✶✵✽✿✶✵✹✼✱
✷✵✵✸✳

●✳ ▲❡ ❈❤❛t✱ ❑✳ ■ss❛✉t✐❡r✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ■✳ ❩♦✉❣❛♥❡❧✐s✱ ▼✳ ▼❛❦✲
s✐♠♦✈✐❝ ❡t ▼♦♥❝✉q✉❡t ▼✳ ✿ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ ✐♥ s♣❛❝❡ ♣❧❛s♠❛ ✿ ✑❦❛♣♣❛✑
❞✐str✐❜✉t✐♦♥s✳ P❤②s✐❝s ♦❢ P❧❛s♠❛✱ ✶✻✭✶✵✮✿✶✵✷✾✵✸✱ ✷✵✵✾❛✳

●✳ ▲❡ ❈❤❛t✱ ◆✳▼❡②❡r✲❱❡r♥❡t ❡t ❑✳ ■ss❛✉t✐❡r ✿ ❙t✉❞② ♦❢ st❡❧❧❛r ✇✐♥❞ ❡♥✲
❡r❣② ✢✉① ✿ ❢r♦♠ t❤❡ ❙✉♥ t♦ ❇❡❧t❡❣❡✉s❡✳ ■♥ ❊ ❙t❡♠♣❡❧s✱ é❞✐t❡✉r ✿ ❆♠❡r✐❝❛♥
■♥st✐t✉t❡ ♦❢ P❤②s✐❝s ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s✱ ✈♦❧✉♠❡ ✶✵✾✹ ❞❡ ❆♠❡r✐❝❛♥ ■♥st✐t✉t❡

♦❢ P❤②s✐❝s ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s✱ ♣❛❣❡s ✸✻✺✕✸✻✽✱ ✷✵✵✾❜✳

●✳ ▲❡ ❈❤❛t✱ ❑✳ ■ss❛✉t✐❡r✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ■✳ ❩♦✉❣❛♥❡❧✐s✱ ▼✳ ▼♦♥✲
❝✉q✉❡t ❡t ❙✳ ❍♦❛♥❣ ✿ ◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✿ ♣r❡❧✐♠✐♥❛r②
❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❦❛♣♣❛ ❛♥❞ s✉♠ ♦❢ t✇♦ ▼❛①✇❡❧❧✐❛♥ ❞✐str✐❜✉t✐♦♥s✳ ■♥

▼✳▼❛❦s✐♠♦✈✐❝✱ ❑✳ ■ss❛✉t✐❡r✱ ◆✳▼❡②❡r✲❱❡r♥❡t✱ ▼✳▼♦♥❝✉q✉❡t ❡t
❋✳ P❛♥t❡❧❧✐♥✐✱ é❞✐t❡✉rs ✿ ❚❲❊▲❋❚❍ ■◆❚❊❘◆❆❚■❖◆❆▲ ❙❖▲❆❘ ❲■◆❉

❈❖◆❋❊❘❊◆❈❊✱ ✈♦❧✉♠❡ ✶✷✶✻ ❞❡ ❆♠❡r✐❝❛♥ ■♥st✐t✉t❡ ♦❢ P❤②s✐❝s ❈♦♥❢❡r❡♥❝❡

❙❡r✐❡s✱ ♣❛❣❡s ✸✶✻✕✸✶✾✱ ✷✵✶✵✳

❏ ▲❡♠❛✐r❡ ❡t ▼✳ ❙❝❤❡r❡r ✿ ▲❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❛♥s ❧✬❡①✲
♦s♣❤èr❡ ✐♦♥✐q✉❡ ♣♦❧❛✐r❡✳ ❈♦♠♣t❡ r❡♥❞✉ ❞❡ ❧✬❆❝❛❞é♠✐❡ ❞❡s ❙❝✐❡♥❝❡s ❞❡ P❛r✐s✱
✷✻✾✿✻✻✻✱ ✶✾✻✾✳

❘✳ P✳ ▲❡♣♣✐♥❣✱ ▼✳ ❍✳ ❆❝✄✉♥❛✱ ▲✳ ❋✳ ❇✉r❧❛❣❛✱ ❲✳ ▼✳ ❋❛rr❡❧❧✱ ❏✳ ❆✳
❙❧❛✈✐♥✱ ❑✳ ❍✳ ❙❝❤❛tt❡♥✱ ❋✳ ▼❛r✐❛♥✐✱ ◆✳ ❋✳ ◆❡ss✱ ❋✳ ▼✳ ◆❡✉❜❛✉❡r✱
❨✳ ❈✳ ❲❤❛♥❣✱ ❏✳ ❇✳ ❇②r♥❡s✱ ❘✳ ❙✳ ❑❡♥♥♦♥✱ P✳ ❱✳ P❛♥❡tt❛✱
❏✳ ❙❝❤❡✐❢❡❧❡ ❡t ❊✳ ▼✳ ❲♦r❧❡② ✿ ❚❤❡ ❲✐♥❞ ▼❛❣♥❡t✐❝ ❋✐❡❧❞ ■♥✈❡st✐❣❛✲
t✐♦♥✳ ❙♣❛❝❡ ❙❝✐❡♥❝❡ ❘❡✈✐❡✇s✱ ✼✶✿✷✵✼✕✷✷✾✱ ✶✾✾✺✳

▼✳ P✳ ▲❡✉❜♥❡r ✿ ❆ ♥♦♥❡①t❡♥s✐✈❡ ❡♥tr♦♣② ❛♣♣r♦❛❝❤ t♦ ❦❛♣♣❛✲❞✐str✐❜✉t✐♦♥s✳
❆str♦♣❤②s✐❝s ❛♥❞ ❙♣❛❝❡ ❙❝✐❡♥❝❡✱ ✷✽✷✭✺✼✸✮✱ ✷✵✵✷✳

❏✳ ❆✳ ▲✐♠❛✱ ❘✳ ❙✐❧✈❛ ❡t ❆✳ ❘✳ P❧❛st✐♥♦ ✿ ◆♦♥❡①t❡♥s✐✈❡ t❤❡r♠♦st❛t✐st✐❝s ❛♥❞
t❤❡ ❤ t❤❡♦r❡♠✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✽✻✿✷✾✸✽✕✷✾✹✶✱ ✷✵✵✶✳

❘✳ P✳ ▲✐♥✱ ❑✳ ❆✳ ❆♥❞❡rs♦♥✱ ❙✳ ❆s❤❢♦r❞✱ ❈✳ ❈❛r❧s♦♥✱ ❉✳ ❈✉rt✐s✱ ❘✳ ❊r✲
❣✉♥✱ ❉✳ ▲❛rs♦♥✱ ❏✳▼❝❋❛❞❞❡♥✱ ▼✳▼❝❈❛rt❤②✱ ●✳ ❑✳ P❛r❦s✱ ❍✳ ❘è♠❡✱
❏✳ ▼✳ ❇♦sq✉❡❞✱ ❏✳ ❈♦✉t❡❧✐❡r✱ ❋✳ ❈♦t✐♥✱ ❈✳ ❉✬❯st♦♥✱ ❑✳✲P✳ ❲❡♥✲
③❡❧✱ ❚✳ ❘✳ ❙❛♥❞❡rs♦♥✱ ❏✳ ❍❡♥r✐♦♥✱ ❏✳ ❈✳ ❘♦♥♥❡t ❡t ●✳ P❛s❝❤♠❛♥♥ ✿
❆ ❚❤r❡❡✲❉✐♠❡♥s✐♦♥❛❧ P❧❛s♠❛ ❛♥❞ ❊♥❡r❣❡t✐❝ P❛rt✐❝❧❡ ■♥✈❡st✐❣❛t✐♦♥ ❢♦r t❤❡
❲✐♥❞ ❙♣❛❝❡❝r❛❢t✳ ❙♣❛❝❡ ❙❝✐❡♥❝❡ ❘❡✈✐❡✇s✱ ✼✶✿✶✷✺✕✶✺✸✱ ✶✾✾✺✳



✶✹✽ ❇✐❜❧✐♦❣r❛♣❤✐❡

❆✳ ▲♦❜❡❧ ❡t ❆✳ ❑✳ ❉✉♣r❡❡ ✿ ▼♦❞❡❧✐♥❣ t❤❡ ❱❛r✐❛❜❧❡ ❈❤r♦♠♦s♣❤❡r❡ ♦❢ α
❖r✐♦♥✐s✳ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✺✹✺✿✹✺✹✕✹✼✹✱ ✷✵✵✵✳

▼✳ ▼❛❦s✐♠♦✈✐❝✱ ❱✳ P✐❡rr❛r❞ ❡t P✳ ❘✐❧❡② ✿ ❯❧②ss❡s ❡❧❡❝tr♦♥ ❞✐str✐❜✉t✐♦♥s
✜tt❡❞ ✇✐t❤ ❑❛♣♣❛ ❢✉♥❝t✐♦♥s✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡rs✱ ✷✹✿✶✶✺✶✕✶✶✺✹✱
✶✾✾✼✳

▼✳ ▼❛❦s✐♠♦✈✐❝✱ ■ ❩♦✉❣❛♥❡❧✐s✱ ❏✳✲❨✳ ❈❤❛✉❢r❛②✱ ❑✳ ■ss❛✉t✐❡r✱ ❊✳ ❊✳
❙❝✐♠❡✱ ❏✳ ❊✳ ▲✐tt❧❡t♦♥✱ ❊✳ ▼❛rs❝❤✱ ❉✳ ❏✳ ▼❝❈♦♠❛s✱ ❈✳ ❙❛❧❡♠✱ ❘✳ P✳
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▼✳ ❱✳ ❙②❦❡s ❡t ❘✳ ●✳ ❲❛❧❦❡r ✿ ❈♦♠❡t❛r② ❞✉st tr❛✐❧s✳ ■ ✲ ❙✉r✈❡②✳ ■❝❛r✉s✱
✾✺✿✶✽✵✕✷✶✵✱ ✶✾✾✷✳

❈✳ ❚s❛❧❧✐s ✿ P♦ss✐❜❧❡ ❣❡♥❡r❛❧✐③❛t✐♦♥ ♦❢ ❇♦❧t③♠❛♥♥✲●✐❜❜s st❛t✐st✐❝s✳ ❏♦✉r♥❛❧
♦❢ ❙t❛t✐st✐❝❛❧ P❤②s✐❝s✱ ✺✷✿✹✼✾✕✹✽✼✱ ✶✾✽✽✳
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➆✳ ➆t✈❡rá❦✱ P✳ ❚rá✈♥í↔❡❦✱ ▼✳ ▼❛❦s✐♠♦✈✐❝✱ ❊✳ ▼❛rs❝❤✱ ❆✳ ◆✳ ❋❛③❛✲
❦❡r❧❡② ❡t ❊✳ ❊✳ ❙❝✐♠❡ ✿ ❊❧❡❝tr♦♥ t❡♠♣❡r❛t✉r❡ ❛♥✐s♦tr♦♣② ❝♦♥str❛✐♥ts
✐♥ t❤❡ s♦❧❛r ✇✐♥❞✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱ ✶✶✸
✭❆✶✷✮✿✸✶✵✸✱ ✷✵✵✽✳

➆✳ ➆t✈❡rá❦✱ ▼✳▼❛❦s✐♠♦✈✐❝✱ P✳ ▼✳ ❚rá✈♥í↔❡❦✱ ❊✳▼❛rs❝❤✱ ❆✳ ◆✳ ❋❛③❛✲
❦❡r❧❡② ❡t ❊✳ ❊✳ ❙❝✐♠❡ ✿ ❘❛❞✐❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ ♥♦♥t❤❡r♠❛❧ ❡❧❡❝tr♦♥ ♣♦♣✉✲
❧❛t✐♦♥s ✐♥ t❤❡ ❧♦✇✲❧❛t✐t✉❞❡ s♦❧❛r ✇✐♥❞ ✿ ❍❡❧✐♦s✱ ❈❧✉st❡r✱ ❛♥❞ ❯❧②ss❡s ❖❜s❡r✲
✈❛t✐♦♥s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱ ✶✶✹✭❆✶✸✮✿✺✶✵✹✱
✷✵✵✾✳

❚✳ ❚✳ ✈♦♥ ❘♦s❡♥✈✐♥❣❡✱ ▲✳ ▼✳ ❇❛r❜✐❡r✱ ❏✳ ❑❛rs❝❤✱ ❘✳ ▲✐❜❡r♠❛♥✱ ▼✳ P✳
▼❛❞❞❡♥✱ ❚✳ ◆♦❧❛♥✱ ❉✳ ❱✳ ❘❡❛♠❡s✱ ▲✳ ❘②❛♥✱ ❙✳ ❙✐♥❣❤✱ ❍✳ ❚r❡①❡❧✱
●✳ ❲✐♥❦❡rt✱ ●✳ ▼✳ ▼❛s♦♥✱ ❉✳ ❈✳ ❍❛♠✐❧t♦♥ ❡t P✳ ❲❛❧♣♦❧❡ ✿ ❚❤❡
❊♥❡r❣❡t✐❝ P❛rt✐❝❧❡s ✿ ❆❝❝❡❧❡r❛t✐♦♥✱ ❈♦♠♣♦s✐t✐♦♥✱ ❛♥❞ ❚r❛♥s♣♦rt ✭❊P❆❈❚✮
✐♥✈❡st✐❣❛t✐♦♥ ♦♥ t❤❡ ❲■◆❉ s♣❛❝❡❝r❛❢t✳ ❙♣❛❝❡ ❙❝✐❡♥❝❡ ❘❡✈✐❡✇s✱ ✼✶✿✶✺✺✕✷✵✻✱
✶✾✾✺✳

❘✳ ✈♦♥ ❙t❡✐❣❡r✱ ❚✳ ❍✳ ❩✉r❜✉❝❤❡♥✱ ❏✳ ●❡✐ss✱ ●✳ ●❧♦❡❝❦❧❡r✱ ▲✳ ❆✳ ❋✐s❦
❡t ◆✳ ❆✳ ❙❝❤✇❛❞r♦♥ ✿ ❚❤❡ ✸✲❉ ❍❡❧✐♦s♣❤❡r❡ ❢r♦♠ t❤❡ ❯❧②ss❡s ❛♥❞ ❆❈❊
❙♦❧❛r ❲✐♥❞ ■♦♥ ❈♦♠♣♦s✐t✐♦♥ ❊①♣❡r✐♠❡♥ts✳ ❙♣❛❝❡ ❙❝✐❡♥❝❡ ❘❡✈✐❡✇s✱ ✾✼✿✶✷✸✕
✶✷✼✱ ✷✵✵✶✳

❆✳❲❡❤r② ❡t ■✳▼❛♥♥ ✿ ■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❜❡t❛ ✲♠❡t❡♦r♦✐❞s ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts
♦❢ t❤❡ ❞✉st ❞❡t❡❝t♦r ♦♥❜♦❛r❞ t❤❡ ❯▲❨❙❙❊❙ s♣❛❝❡❝r❛❢t✳ ❆str♦♥♦♠② ❛♥❞

❆str♦♣❤②s✐❝s✱ ✸✹✶✿✷✾✻✕✸✵✸✱ ✶✾✾✾✳

◆✳ ❖✳ ❲❡✐ss ✿ ❙♦❧❛r ❛♥❞ ❙t❡❧❧❛r ❉②♥❛♠♦s✳ ■♥ ▼✳ ❘✳ ❊✳ Pr♦❝t♦r ❡t ❆✳ ❉✳
●✐❧❜❡rt✱ é❞✐t❡✉rs ✿ ▲❡❝t✉r❡s ♦♥ ❙♦❧❛r ❛♥❞ P❧❛♥❡t❛r② ❉②♥❛♠♦s✱ ♣❛❣❡ ✺✾✱
✶✾✾✹✳

❇✳ ❊✳ ❲♦♦❞✱ ❍✳✲❘✳ ▼ü❧❧❡r✱ ●✳ P✳ ❩❛♥❦✱ ❏✳ ▲✳ ▲✐♥s❦② ❡t ❙✳ ❘❡❞❢✐❡❧❞ ✿
◆❡✇ ▼❛ss✲▲♦ss ▼❡❛s✉r❡♠❡♥ts ❢r♦♠ ❆str♦s♣❤❡r✐❝ ▲②α ❆❜s♦r♣t✐♦♥✳ ❚❤❡
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❍✳ ❆✳ ❩♦♦❦✱ ❊✳ ●r✉♥✱ ▼✳ ❇❛❣✉❤❧✱ ❉✳ P✳ ❍❛♠✐❧t♦♥✱ ●✳ ▲✐♥❦❡rt✱ ❏✳✲❈✳
▲✐♦✉✱ ❘✳ ❋♦rs②t❤ ❡t ❏✳ ▲✳ P❤✐❧❧✐♣s ✿ ❙♦❧❛r ❲✐♥❞ ▼❛❣♥❡t✐❝ ❋✐❡❧❞ ❇❡♥❞✐♥❣
♦❢ ❏♦✈✐❛♥ ❉✉st ❚r❛❥❡❝t♦r✐❡s✳ ❙❝✐❡♥❝❡✱ ✷✼✹✿✶✺✵✶✕✶✺✵✸✱ ✶✾✾✻✳

■✳ ❩♦✉❣❛♥❡❧✐s✱ ▼✳ ▼❛❦s✐♠♦✈✐❝✱ ◆✳ ▼❡②❡r✲❱❡r♥❡t✱ ❍✳ ▲❛♠② ❡t ❑✳ ■s✲
s❛✉t✐❡r ✿ ❆ ❚r❛♥s♦♥✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ▼♦❞❡❧ ♦❢ t❤❡ ❙♦❧❛r ❲✐♥❞✳ ❚❤❡ ❆str♦✲

♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✻✵✻✿✺✹✷✕✺✺✹✱ ✷✵✵✹✳
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■✳ ❩♦✉❣❛♥❡❧✐s ✿ ▼❡❛s✉r✐♥❣ s✉♣r❛t❤❡r♠❛❧ ❡❧❡❝tr♦♥ ♣❛r❛♠❡t❡rs ✐♥ s♣❛❝❡ ♣❧❛s✲
♠❛s ✿ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ q✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✇✐t❤ ❦❛♣♣❛
❞✐str✐❜✉t✐♦♥s ✉s✐♥❣ ✐♥ s✐t✉ ❯❧②ss❡s✴❯❘❆P r❛❞✐♦ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ s♦✲
❧❛r ✇✐♥❞✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱ ✶✶✸✭❆✶✷✮✿✽✶✶✶✱
✷✵✵✽✳





❘és✉♠é ✿

❉❡♣✉✐s ❧❡s ♣r❡♠✐èr❡s ♠❡s✉r❡s ✐♥ s✐t✉ ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡♥ ✶✾✻✵✱ ❧❡s ♣r♦♣r✐étés
♠❛❝r♦s❝♦♣✐q✉❡s ❡t ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❝❡ ♣❧❛s♠❛ é❥❡❝té ♣❛r ❧❡ ❙♦❧❡✐❧ ♦♥t été
✐♥t❡♥s✐✈❡♠❡♥t ét✉❞✐é❡s✱ t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ t❤é♦r✐q✉❡ q✉✬♦❜s❡r✈❛t✐♦♥♥❡❧✳ ❆✉✲
❥♦✉r❞✬❤✉✐ ❡♥❝♦r❡✱ ❝❡rt❛✐♥❡s ❞❡s ♣r♦♣r✐étés ❞✉ ✈❡♥t s♦❧❛✐r❡ s♦♥t ✐♥❝♦♠♣r✐s❡s✱
❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❡ tr❛♥s♣♦rt ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ♣❡✉ ❝♦❧❧✐s✐♦♥✲
♥❡❧✳ ▼❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s ❡t ❧❡✉rs ♣r♦♣r✐étés ♥♦♥
t❤❡r♠✐q✉❡ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s ♣r♦♣r✐étés ❞✉ tr❛♥s♣♦rt✳ P♦✉r
❝❡ ❢❛✐r❡✱ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❞✉ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❡st ✉♥ ♦✉t✐❧ ✜❛❜❧❡✱ ❡♥ ét❛♥t
♠♦✐♥s s❡♥s✐❜❧❡ ❛✉① ♣❡rt✉r❜❛t✐♦♥s ♣r♦❞✉✐t❡s ♣❛r ❧❡ s❛t❡❧❧✐t❡ q✉❡ ❧❡s ❞ét❡❝t❡✉rs
❞❡ ♣❛rt✐❝✉❧❡s ❝❧❛ss✐q✉❡s✳ ▲❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡ ❡st ♣r♦❞✉✐t ♣❛r ❧❡s ✢✉❝t✉✲
❛t✐♦♥s ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❝❛✉sé❡s ♣❛r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ❝❤❛r❣❡s ❞✉ ♣❧❛s♠❛
❞✐r❡❝t❡♠❡♥t ♠❡s✉ré❡s ♣❛r ✉♥❡ ♣❛✐r❡ ❞✬❛♥t❡♥♥❡s r❡❧✐é❡ à ✉♥ ré❝❡♣t❡✉r r❛❞✐♦
s✉✣s❛♠♠❡♥t s❡♥s✐❜❧❡✳ ▲✬ét✉❞❡ ❞❡ ❝❡ ❜r✉✐t ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ♠♦♠❡♥ts
❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡s ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉❡ ♥♦♠❜r❡✉① rés✉❧t❛ts ♦♥t ❛✐♥s✐
été ♦❜t❡♥✉s à ♣❛rt✐r ❞✉ ré❝❡♣t❡✉r r❛❞✐♦ ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡✱ ❡♥ ❞é❝r✐✈❛♥t ❧❡s
❞✐str✐❜✉t✐♦♥s ❞❡s é❧❡❝tr♦♥s ♣❛r ✉♥❡ s♦♠♠❡ ❞❡ ▼❛①✇❡❧❧✐❡♥♥❡s✳ ❈❡♣❡♥❞❛♥t ✉♥❡
❧✐♠✐t❛t✐♦♥ ❞❡ ❧✬✐♥str✉♠❡♥t ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ♠❡s✉r❡r ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ s✉✛✲
✐s❛♥t❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ✉♥ t❡❧ ♠♦❞è❧❡ ❞❡ ❢♦♥❝t✐♦♥s ❞❡
❞✐str✐❜✉t✐♦♥✳ P♦✉r ♣❛❧❧✐❡r à ❝❡ ♣r♦❜❧è♠❡✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡s
s♣❡❝tr❡s ❞❡ ❜r✉✐t q✉❛s✐✲t❤❡r♠✐q✉❡✱ ✉t✐❧✐s❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡
t②♣❡ ❦❛♣♣❛ ❡st ♣r♦♣♦sé❡✳ ❙♦♥ ❛♣♣❧✐❝❛t✐♦♥ ❛✉① ❞♦♥♥é❡s ❞❡ ❧❛ s♦♥❞❡ ❯❧②ss❡ ♣❡r✲
♠❡t ❞❡ ♠❡s✉r❡r ❧❡s ✈❛r✐❛t✐♦♥s ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ t♦t❛❧❡ ❞❡s
é❧❡❝tr♦♥s ❡t ❞❡ ❧❡✉rs ♣r♦♣r✐étés s✉♣❡r t❤❡r♠✐q✉❡s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡✳ ▲❡ ♣r♦✲
✜❧ ❞❡ t❡♠♣ér❛t✉r❡ ♠♦♥tr❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❛❞✐❛❜❛t✐q✉❡
❡t ✐s♦t❤❡r♠❡✱ ❡t ❧❡ ♣❛r❛♠ètr❡ κ ❡st ❝♦♥st❛♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧✳ ❈❡s
rés✉❧t❛ts s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡①♦s♣❤ér✐q✉❡s✳

▲❡ ✈❡♥t s♦❧❛✐r❡ ❡st é❣❛❧❡♠❡♥t ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♦❜❥❡ts ❞✉
❙②stè♠❡ ❙♦❧❛✐r❡✳ ❉❡✉① ❡①❡♠♣❧❡s ❞✬✐♥t❡r❛❝t✐♦♥s ♣❧❛s♠❛✲♣♦✉ss✐èr❡s s♦♥t ♣rés❡♥✲
tés ❞❛♥s ❧❛ ❞❡✉①✐è♠❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ t❤ès❡ ✿ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s
❡t ❧❡✉rs ❞é❝♦✉✈❡rt❡s ❞❛♥s ❧❡ ✈❡♥t s♦❧❛✐r❡ à ✉♥❡ ✉♥✐té ❛str♦♥♦♠✐q✉❡ ❀ ❡t ❧❛ ♠♦❞✲
✐✜❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡ ♣❛r ❧❡s ♣♦✉ss✐èr❡s ❝♦♠ét❛✐r❡s✳

❊♥✜♥✱ ✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♣❧✉s ❣❧♦❜❛❧ ❡st ❛❞♦♣té✳ ❯♥❡ ❝♦♠♣❛r❛✐s♦♥ ❞✉ ✢✉①
❞✬é♥❡r❣✐❡✱ q✉✐ ❞❛♥s ❧❡ ❝❛s ❞✉ ✈❡♥t s♦❧❛✐r❡ ❡st ♦❜s❡r✈é ❝♦♠♠❡ ét❛♥t très st❛❜❧❡
t❡♠♣♦r❡❧❧❡♠❡♥t ❡t s♣❛t✐❛❧❡♠❡♥t✱ ❡st ❡✛❡❝t✉é❡ ♣♦✉r ❞❡ ♥♦♠❜r❡✉① ✈❡♥ts st❡❧✲
❧❛✐r❡s✳ ❈❡tt❡ ❝♦♠♣❛r❛✐s♦♥ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ s✐♠✐❧✐t✉❞❡ ❡♥tr❡ ❧❡s ét♦✐❧❡s ❞❡
t②♣❡s s♦❧❛✐r❡ ❡t ❧❡s ❣é❛♥t❡s ❢r♦✐❞❡s✱ ❛✐♥s✐ q✉✬✉♥❡ é✈❡♥t✉❡❧❧❡ ❝♦♥séq✉❡♥❝❡ ❞❡
❧✬❛❝❝rét✐♦♥ ❞❡ ♠❛t✐èr❡ s✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❞❡s ❚✲❚❛✉r✐✳



❙t✉❞② ♦❢ s♦❧❛r ✇✐♥❞ ❧❛r❣❡✲s❝❛❧❡ ♣r♦♣❡rt✐❡s

❆❜str❛❝t ✿

❙✐♥❝❡ t❤❡ ✜rst ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ s♦❧❛r ✇✐♥❞ ✐♥ ✶✾✻✵✱ t❤❡ ♣r♦♣❡rt✐❡s
♦❢ t❤✐s ♣❧❛s♠❛ ♦✉t✢♦✇ ❢r♦♠ t❤❡ ❙✉♥ ❤❛s ❜❡❡♥ ✐♥t❡♥s✐✈❡❧② st✉❞✐❡❞✱ t❤❡♦r❡t✐✲
❝❛❧❧② ❛♥❞ ❜② ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥ts✳ ❍♦✇❡✈❡r✱ s♦♠❡ ❢❡❛t✉r❡s st✐❧❧ r❡♠❛✐♥ ♥♦t
✉♥❞❡rst♦♦❞✱ ❛s t❤❡ tr❛♥s♣♦rt ♦❢ t❤❡ ❡♥❡r❣② ✐♥ ❝♦❧❧✐s✐♦♥❧❡ss ♣❧❛s♠❛s ❧✐❦❡ t❤❡
s♦❧❛r ✇✐♥❞✳ ▼❡❛s✉r✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥s ❛♥❞ t❤❡✐r ♥♦♥t❤❡r♠❛❧
♣r♦♣❡rt✐❡s ❝❛♥ ❣✐✈❡ ✐♠♣♦rt❛♥t ❝❧✉❡s t♦ ✉♥❞❡rst❛♥❞ t❤❡ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s✳
◗✉❛s✐✲t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr♦s❝♦♣② ✐s ❛ r❡❧✐❛❜❧❡ t♦♦❧ ❢♦r ♠❡❛s✉r✐♥❣ ❛❝❝✉r❛t❡❧②
t❤❡ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ❛♥❞ t❡♠♣❡r❛t✉r❡ s✐♥❝❡ ✐t ✐s ❧❡ss s❡♥s✐t✐✈❡ t♦ t❤❡ s♣❛❝❡❝r❛❢t
♣❡rt✉r❜❛t✐♦♥s t❤❛♥ ♣❛rt✐❝❧❡ ❞❡t❡❝t♦rs✳ ❚❤✐s ♥♦✐s❡ ✐s ♣r♦❞✉❝❡❞ ❜② t❤❡ q✉❛s✐✲
t❤❡r♠❛❧ ✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ❛♥❞ ❛❧❧♦✇ t♦ ♠❡❛s✉r❡ t❤❡ ♠♦♠❡♥ts ♦❢
t❤❡✐r ✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥s✳ ❚❤✐s ♠❡t❤♦❞✱ ✉s✐♥❣ ❛ s✉♠ ♦❢ ▼❛①✇❡❧❧✐❛♥ ❛s t❤❡
❡❧❡❝tr♦♥ ✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥✱ ❤❛s ♣r♦❞✉❝❡❞ ❛ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ r❡s✉❧ts ✇✐t❤ t❤❡
❯❧②ss❡s ♠✐ss✐♦♥✳ ◆❡✈❡rt❤❡❧❡ss✱ s♦♠❡ ❧✐♠✐t❛t✐♦♥s ♦♥ t❤❡ r❛❞✐♦ r❡❝❡✐✈❡r ♦♥ ❜♦❛r❞
❯❧②ss❡s ♣r❡✈❡♥t ❛♥ ❛❝❝✉r❛t❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ t♦t❛❧ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡
❡❧❡❝tr♦♥s ✇✐t❤ ❛ s✉♠ ♦❢ ▼❛①✇❡❧❧✐❛♥✳ ❆ ♥❡✇ ♠❡t❤♦❞ ✉s✐♥❣ ❦❛♣♣❛ ❞✐str✐❜✉t✐♦♥
✐s ♣r♦♣♦s❡❞ t♦ ✐♠♣r♦✈❡❞ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❡❧❡❝tr♦♥ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡✲
♠❡♥ts✳ ■ts ❛♣♣❧✐❝❛t✐♦♥ ♦♥ t❤❡ ❯❧②ss❡s ❞❛t❛ ❛❧❧♦✇s t♦ ②✐❡❧❞ t❤❡ r❛❞✐❛❧ ❡✈♦❧✉t✐♦♥
♦❢ t❤❡ ❡❧❡❝tr♦♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡✐r ♥♦♥t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s✳ ❆ ♣r❡❧✐♠✐♥❛r②
❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❡①♦s♣❤❡r✐❝ ♠♦❞❡❧s s❤♦✇s t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❣r❡❡♠❡♥ts ✿ ❛ ✈❛r✐❛✲
t✐♦♥ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ❜❡t✇❡❡♥ ❛♥ ❛❞✐❛❜❛t✐❝ ❛♥❞ ✐s♦t❤❡r♠❛❧ ❜❡❤❛✈✐♦✉r✱ ❛♥❞
❛ ❝♦♥st❛♥t κ ♣❛r❛♠❡t❡r✳

❚❤❡ s♦❧❛r ✇✐♥❞ ✐♥t❡r❛❝ts ❛❧s♦ ✇✐t❤ ❛❧❧ t❤❡ ♦❜❥❡❝ts ♦❢ t❤❡ ❙♦❧❛r ❙②st❡♠✳ ❚✇♦
❡①❛♠♣❧❡s ♦❢ ♣❧❛s♠❛✲❞✉st ✐♥t❡r❛❝t✐♦♥s ❛r❡ st✉❞✐❡❞ ✐♥ t❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤✐s
t❤❡s✐s ✿ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ♥❛♥♦ ❞✉st ❜② t❤❡ s♦❧❛r ✇✐♥❞ ❛♥❞ t❤❡✐r ❞❡t❡❝t✐♦♥
✐♥ t❤❡ s♦❧❛r ✇✐♥❞ ❛t ♦♥❡ ❛str♦♥♦♠✐❝ ✉♥✐t ❀ ❛♥❞ t❤❡ ✐♥t❡r♣❧❛♥❡t❛r② ♠❛❣♥❡t✐❝
✜❡❧❞ ❡♥❤❛♥❝❡♠❡♥ts ♣♦ss✐❜❧② ❞✉❡ t♦ ❛♥ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s♦❧❛r ✇✐♥❞ ❛♥❞
❝♦♠❡t❛r② ❞✉st✳

❋✐♥❛❧❧②✱ ❛ ♠♦r❡ ❣❧♦❜❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇ ✐s t❛❦❡♥✳ ❚❤❡ ❡♥❡r❣② ✢✉① ♦❢ t❤❡ s♦❧❛r
✇✐♥❞ ✐s ❛❧♠♦st ❝♦♥st❛♥t✱ ♥❡❛r❧② ✐♥❞❡♣❡♥❞❡♥t ♦♥ ✇✐♥❞ s♣❡❡❞ ❛♥❞ s♦❧❛r ❛❝t✐✈✐t②✳
❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡♥❡r❣② ✢✉① ♦❢ ❛ s♣r❡❛❞ ♦❢ st❡❧❧❛r ✇✐♥❞s ✐s ♠❛❞❡✳ ❆ s❤❛r❡❞
♣r♦❝❡ss ❛t t❤❡ ♦r✐❣✐♥ ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ t❤❡ ♠❛✐♥✲s❡q✉❡♥❝❡ st❛rs ❛♥❞ ❝♦♦❧
❣✐❛♥ts✬ ✇✐♥❞s ✐s s✉❣❣❡st❡❞✳ ❚✲❚❛✉r✐ st❛rs✬ ✇✐♥❞s s❤♦✇ ❛ ♣♦ss✐❜❧❡ r❡s✉❧t ♦❢ ❛♥
❛❝❝r❡t✐♦♥ ♣♦✇❡r❡❞ ✇✐♥❞✳
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