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❈②❝❧❡ ✷✹✳ ❯s✐♥❣ ♠❛❣♥❡t♦❣r❛♠s ♦❢ t❤❡s❡ ❆❘s ✇❡ ❞❡t❡r♠✐♥❡ ❛♥❞ st✉❞② t❤❡ ❡✈♦❧✉t✐♦♥

♦❢ ❛ s❡r✐❡s ♦❢ ♣❛r❛♠❡t❡rs✱ s✉❝❤ ❛s t❤❡ t✐❧t ❛♥❣❧❡✱ t❤❡ ♣♦❧❛r✐t② ✐♥✈❡rs✐♦♥ ❧✐♥❡ ✭P■▲✮

♦r✐❡♥t❛t✐♦♥✱ t❤❡✐r ♠❛❣♥❡t✐❝ ✢✉①✱ ❛s ✇❡❧❧ t❤❡ s✐③❡ ❛♥❞ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♣♦❧❛r✐t✐❡s ❛♥❞

t❤❡✐r t♦♥❣✉❡s✳ ❲❡ ❞❡✈❡❧♦♣ ❛ ♣r♦❝❡❞✉r❡ t♦ ✐❞❡♥t✐❢② t❤❡ P■▲ ❛♥❞ ✇❡ ✉s❡ ✐ts ✐♥❝❧✐♥❛t✐♦♥

❛s ❛ ♣r♦①② ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ❤❡❧✐❝✐t② s✐❣♥✳ ❲❡ ❝♦♠♣❛r❡ t❤✐s ♠❡t❤♦❞ ✇✐t❤ t❤❡ ❤❡❧✐❝✐t②

❡st✐♠❛t✐♦♥ ♦❜t❛✐♥❡❞ ❢r♦♠ ❝♦r♦♥❛❧ ❢♦r❝❡✲❢r❡❡ ✜❡❧❞ ❡①tr❛♣♦❧❛t✐♦♥s✳ ❲❡ ❛❧s♦ ❞❡✈❡❧♦♣

❛♥❛❧✐t✐❝❛❧ ♠♦❞❡❧s ♦❢ t♦r♦✐❞❛❧ ✢✉①✲t✉❜❡s✱ ✇✐t❤ ✉♥✐❢♦r♠ ❛♥❞ ♥♦♥✲✉♥✐❢♦r♠ t✇✐st✱ t♦ ❞❡s✲

❝r✐❜❡ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❆❘ ♣❛r❛♠❡t❡rs ❛✛❡❝t❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ str♦♥❣ ♠❛❣♥❡t✐❝

t♦♥❣✉❡s✳ ❋✐♥❛❧❧②✱ ✇❡ ✜♥❞ t❤❛t t❤❡ t♦♥❣✉❡s ♠♦❞✐❢② s✐❣♥✐✜❝❛♥t❧② t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢

t❤❡ t✐❧t ❛♥❣❧❡ ❞✉r✐♥❣ t❤❡ ❡♠❡r❣❡♥❝❡ ♣❤❛s❡ ❛♥❞ ✇❡ t❡st s❡✈❡r❛❧ ♠❡t❤♦❞s t♦ r❡❞✉❝❡ t❤✐s

❡✛❡❝t✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❤♦✇ t❤❡ ❤❡❧✐❝✐t②

♦❢ t❤❡ ❡♠❡r❣✐♥❣ ✢✉①✲t✉❜❡s ❞❡t❡r♠✐♥❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦s♣❤❡r✐❝ ♠❛❣♥❡t✐❝

✢✉① ❛♥❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❆❘s❀ ♠♦r❡♦✈❡r✱ t❤❡② ♣r♦✈✐❞❡ ❝♦♥str❛✐♥ts t♦ ♠♦❞❡❧s ♦❢ t❤❡

❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ t❤❡ s♦❧❛r ✐♥t❡r✐♦r✳

❑❡②✇♦r❞s✿ ❙♦❧❛r ▼❛❣♥❡t✐❝ ❋✐❡❧❞s ✲ ❙♦❧❛r ❈②❝❧❡ ✲ ❆❝t✐✈❡ ❘❡❣✐♦♥s ✲ ❋❧✉① ❊♠❡r❣❡♥❝❡ ✲

▼❛❣♥❡t✐❝ ❍❡❧✐❝✐t②✳





✈✐✐

❆❣r❛❞❡❝✐♠✐❡♥t♦s

❙❡ ❛❝♦st✉♠❜r❛ ❛ ❝♦♥❝❡♥tr❛r ❡♥ ❡st❛s ♣♦❝❛s ❧í♥❡❛s ❡❧ ❛❣r❛❞❡❝✐♠✐❡♥t♦ ❤❛❝✐❛ ❧❛s

♣❡rs♦♥❛s q✉❡ ❤✐❝✐❡r♦♥ r❡❛❧✐③❛❜❧❡ ❡st❛ ❚❡s✐s ✭❛❞❡♠ás ❞❡ ♠✐ ♣❡rs♦♥❛✮✳ ❙✐♥ ❡♠❜❛r❣♦✱

❡♥❝✉❡♥tr♦ ✐♠♣♦s✐❜❧❡ ❡①♣r❡s❛r ❞❡ ❢♦r♠❛ ❝♦♥❝✐s❛ ♠✐ ❣r❛t✐t✉❞ ❤❛❝✐❛ ❛q✉❡❧❧♦s q✉❡ ♠❡

❛❝♦♠♣❛ñ❛r♦♥✱ ♠❡ ❡①✐❣✐❡r♦♥ ② ♠❡ ❡♥s❡ñ❛r♦♥ ❡♥ ❡❧ tr❛②❡❝t♦✳ ◗✉❡❞❛ ❝❧❛r♦ q✉❡✱ ❛ t❛❧❡s

✜♥❡s✱ ❝✉❛❧q✉✐❡r ♣❛❧❛❜r❛ s❡ r❡✈❡❧❛rí❛ ❡①✐❣✉❛ ❢r❡♥t❡ ❛❧ ✈❡r❞❛❞❡r♦ s❡♥t✐♠✐❡♥t♦ q✉❡ ♠❡

❡♠♣✉❥❛ ❛ ❡s❝r✐❜✐r❧❛✳

❆❝❧❛r❛❞♦ ❡st❡ ♣✉♥t♦✱ q✉✐❡r♦ ❛rr❛♥❝❛r ❛❣r❛❞❡❝✐❡♥❞♦ ❛ ♠✐s ❞✐r❡❝t♦r❡s✱ ▼❛r❝❡❧♦ ②

❈r✐st✐♥❛✳ ❈♦♥ s✉ ✐♥❛❣♦t❛❜❧❡ ♣❛❝✐❡♥❝✐❛✱ s✉ ♣r❡❞✐s♣♦s✐❝✐ó♥ ② s✉ ❛♣♦②♦ ❝♦♥st❛♥t❡ ♠❡

♣❡r♠✐t✐❡r♦♥ s✉♣❡r❛r ❝❛❞❛ ❞❡s❛❢í♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❡st♦s ❝✐♥❝♦ ❛ñ♦s✳

❊♥ s❡❣✉♥❞♦ ❧✉❣❛r✱ ♣❡r♦ ♥♦ ♠❡♥♦s ✐♠♣♦rt❛♥t❡✱ q✉✐❡r♦ ❛❣r❛❞❡❝❡r ❛ P❛s❝❛❧ ②❛ q✉❡

❡❧ t❛♠❜✐é♥ ❢♦r♠❛ ♣❛rt❡ ❞❡ ❡st❡ tr❛❜❛❥♦✳ ❙✉ s✐♥❝❡r♦ ✐♥t❡rés ♣♦r ♥✉❡str♦ tr❛❜❛❥♦ ❢✉❡

✉♥ ❣r❛♥ ❡stí♠✉❧♦ ♣❛r❛ s❡❣✉✐r ❛❞❡❧❛♥t❡✳

◗✉✐❡r♦ ❛❣r❛❞❡❝❡r ❛ ▼❛r❦ ❈❤❡✉♥❣ ♣♦r ❧❛ ❝♦rt❡sí❛ ❞❡ ❝♦♠♣❛rt✐r s✉s r❡s✉❧t❛❞♦s✱

q✉❡ ♠❡ s✐r✈✐❡r♦♥ ♣❛r❛ ❝♦♠♣❧❡♠❡♥t❛r ♠✐ ❡st✉❞✐♦✳

❚❛♠❜✐é♥ ❛ ♠✐ ❢❛♠✐❧✐❛✱ ♣♦r s✉♣✉❡st♦✱ ❛ ♠✐s ♣❛❞r❡s✱ q✉❡ ♠❡ ❢♦r♠❛r♦♥ ❡♥ ❧♦

♣❡rs♦♥❛❧ ② ♠❡ ❞✐❡r♦♥ ❧❛ ♦♣♦rt✉♥✐❞❛❞ ❞❡ ❤❛❝❡r❧♦ ❡♥ ❧♦ ♣r♦❢❡s✐♦♥❛❧✳

❙✐♥ ❞❡❥❛r ❛ ♥❛❞✐❡ ❞❡ ❧❛❞♦✱ q✉✐❡r♦ ❛❣r❛❞❡❝❡r ❛ t♦❞♦s ♠✐s ❝♦♠♣❛ñ❡r♦s ❞❡❧ ■❆❋❊

q✉❡ ❡♥ ❞✐st✐♥t❛s ♠❡❞✐❞❛s ❤❡♠♦s ❝♦♠♣❛rt✐❞♦ ♠✉② ❜✉❡♥♦s ♠♦♠❡♥t♦s✳

❋✐♥❛❧♠❡♥t❡✱ ♥♦ ♣✉❡❞♦ ♦❧✈✐❞❛r ❛ ♠✐s ❛♠✐❣♦s ❞❡ s✐❡♠♣r❡ q✉✐❡♥❡s✱ ♥♦❝❤❡s ❧ú❞✐❝❛s

② ❝❤❛r❧❛s ♠❡❞✐❛♥t❡✱ ❢✉❡r♦♥ ✉♥ r❡♣❛r♦ ❝♦♥tr❛ ❧♦s ❡♠❜❛t❡s ❞❡ ❧❛ ❛♥s✐❡❞❛❞✳
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✸✳✷✳ ❊st✐♠❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✐① ❋❡❜r❡r♦ ✷✵✶✼
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✸✳✸✳ ❊st✐♠❛❝✐ó♥ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✸✳✹✳ ❉❡s❝r✐♣❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ❡❧ á♥❣✉❧♦ τ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✸✳✺✳ ❊✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✳✺✳✶✳ ■♥❝❡rt❡③❛ ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ τ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳ ▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ✼✸

✹✳✶✳ ❊st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❡♥ r❡❣✐♦♥❡s ❛❝t✐✈❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✶✳✶✳ ❈♦rr❡❝❝✐ó♥ s♦❜r❡ ❧♦s ♣❛rá♠❡tr♦s ♣♦r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❧❡♥❣✉❛s ✳ ✳ ✳ ✳ ✳ ✼✽

✹✳✶✳✷✳ ❚♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ② ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✹✳✷✳ ❍❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ❡①tr❛♣♦❧❛❝✐♦♥❡s ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✹✳✷✳✶✳ ▼♦❞❡❧♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✹✳✷✳✷✳ ❍❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❛ ♣❛rt✐r ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✹✳✸✳ ❈♦♠♣❛r❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❡♥ ❧❛ ❝♦r♦♥❛ ② ❧❛ ❢♦tós❢❡r❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻

✺✳ ❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r✶✵✸

✺✳✶✳ ❈✐❝❧♦ ❙♦❧❛r ✷✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✺✳✶✳✶✳ ❊❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✺✳✶✳✷✳ ❉✐str✐❜✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ❧❛ ❧❛t✐t✉❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✺✳✶✳✸✳ ❈❛r❛❝t❡ríst✐❝❛s ❣❧♦❜❛❧❡s ❞❡ ❧❛s r❡❣✐♦♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✺✳✷✳ ❆♥á❧✐s✐s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

✺✳✷✳✶✳ P❡r✜❧ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✺✳✷✳✷✳ ❈♦♠♣❛r❛❝✐ó♥ ❝♦♥ ♠♦❞❡❧♦s ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✻✳ ❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s

❛❝t✐✈❛s ✶✸✶

✻✳✶✳ ❘❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ❧❛t✐t✉❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

✻✳✶✳✶✳ ■♥❝❧✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✻✳✷✳ ❊❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

✻✳✷✳✶✳ ❯♠❜r❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

✻✳✷✳✷✳ ❉✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ✳ ✳ ✳ ✳ ✶✹✹

✻✳✷✳✸✳ ❈♦rr❡❝❝✐ó♥ ❞❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✹

❋❡❜r❡r♦ ✷✵✶✼ ① ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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✼✳ ❈♦♥❝❧✉s✐♦♥❡s ✶✺✼

❆♣é♥❞✐❝❡ ❆✳ ▼♦❞❡❧♦s ❞❡❧ ❈❛♠♣♦ ❈♦r♦♥❛❧ ✶✻✶

❆✳✶✳ ❊①tr❛♣♦❧❛❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶

❆✳✷✳ ❚✉❜♦ ❞❡ ✢✉❥♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s✿ ▼♦❞❡❧♦ ❞❡ ▲✉♥❞q✉✐st ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

❆✳✸✳ ▼♦❞❡❧♦ ❞❡ ●♦❧❞✲❍♦②❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✻

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ①✐ ❋❡❜r❡r♦ ✷✵✶✼



■♥tr♦❞✉❝❝✐ó♥

▲❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r ❛❜❛r❝❛ ❞❡s❞❡ ❜✐♣♦❧♦s ❞❡ ❝❛♠♣♦

❛✐s❧❛❞♦s ❞❡❧ ♦r❞❡♥ ❞❡ ✉♥♦s ♣♦❝♦s ●❛✉ss ✭r❡❣✐♦♥❡s ❡❢í♠❡r❛s✮✱ ❤❛st❛ ár❡❛s ❡①t❡♥s❛s ❞❡ ❝❛♠♣♦

✐♥t❡♥s♦ ✭✺✵✵✲✸✵✵✵ ❦●✮ q✉❡ ❝♦♥st✐t✉②❡♥ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ♦❜s❡r✈❛❞❛s✳

❍♦② ❡♥ ❞í❛ s❡ ❛❝❡♣t❛ q✉❡ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ✭❘❆s✮ s❡ ♦r✐❣✐♥❛

❡♥ ❧❛ ❜❛s❡ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ✭❩❈✮✱ ❡♥ ✉♥❛ r❡❣✐ó♥ ❧❧❛♠❛❞❛ t❛❝♦❝❧✐♥❛✱ ❝♦♥ ✉♥❛ ❣❡♦♠❡✲

trí❛ ♣rá❝t✐❝❛♠❡♥t❡ t♦r♦✐❞❛❧ ❡ ✐♥t❡♥s✐❞❛❞❡s ❞❡ ∼ 104 − 105G✳ ▲❛s ❘❆s s♦♥ ✉s✉❛❧♠❡♥t❡

❜✐♣♦❧❛r❡s✱ ❝♦♥ ♦r✐❡♥t❛❝✐ó♥ ❣❡♥❡r❛❧ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✲♦❡st❡ ✭❊✲❖✮✳ ▲❛ ❞✐s♣♦s✐❝✐ó♥ ❞❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡ ❧♦s ❜✐♣♦❧♦s ✭♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛✮ ❡s ♦♣✉❡st❛ ❡♥ ❛♠❜♦s ❤❡♠✐s✲

❢❡r✐♦s ② s❡ r❡✈✐❡rt❡ ❞❡ ❝✐❝❧♦ ❛ ❝✐❝❧♦ s♦❧❛r ✭▲❡② ❞❡ ❍❛❧❡✱ ❍❛❧❡ ✫ ◆✐❝❤♦❧s♦♥✱ ✶✾✷✺✮✳ ❊st♦

s✉❣✐❡r❡ q✉❡ ❧❛s ❘❆s ❛♣❛r❡❝❡♥ ♣♦r ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ❛ tr❛✈és ❞❡ ❧❛ ❢♦tós❢❡r❛

❧✉❡❣♦ ❞❡ ❛tr❛✈❡s❛r ❧❛ ❩❈ ✭❙❝❤r✐❥✈❡r ✫ ❩✇❛❛♥✱ ✷✵✵✵✮✳

❯♥❛ ❣r❛♥ ✈❛r✐❡❞❛❞ ❞❡ ♦❜s❡r✈❛❝✐♦♥❡s ✭❡♥ ❡❧ ó♣t✐❝♦✱ ✉❧tr❛✈✐♦❧❡t❛ ② r❛②♦s ❳✮ ♠✉❡str❛♥ q✉❡

❡❧ ❝❛♠♣♦ ❡♥ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❡s ❡♥ ❣❡♥❡r❛❧ ♥♦ ♣♦t❡♥❝✐❛❧ ✭▲❡❦❛ ❡t ❛❧✳✱ ✶✾✾✻❀ ▼❡t❝❛❧❢ ❡t ❛❧✳✱

✷✵✵✺✮✳ ❊st❛ ♥♦ ♣♦t❡♥❝✐❛❧✐❞❛❞ ✐♠♣❧✐❝❛ q✉❡ ❧❛s ❡str✉❝t✉r❛s ❝♦r♦♥❛❧❡s ♣♦s❡❡♥ ✉♥ ❝♦♥t❡♥✐❞♦

❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♥♦ ♥✉❧♦❀ ❡s ❞❡❝✐r✱ ❡st❛ ❝❛♥t✐❞❛❞ ❤❛❝❡ r❡❢❡r❡♥❝✐❛ ❛❧ ❣r❛❞♦ ❞❡ t♦rs✐ó♥

❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ✉♥ ✈♦❧✉♠❡♥ ✜❥♦✳ ❙✐❡♥❞♦ ✉♥❛ ❝❛♥t✐❞❛❞ ❜✐❡♥ ❝♦♥s❡r✈❛❞❛ ❛ú♥ ❡♥

❝♦♥❞✐❝✐♦♥❡s ♥♦ ✐❞❡❛❧❡s ✭❇❡r❣❡r✱ ✶✾✽✹✮✱ s✉ ❝♦♥♦❝✐♠✐❡♥t♦ ♣❡r♠✐t❡ ♦❜t❡♥❡r ✐♥❢♦r♠❛❝✐ó♥ ❞❡

❧♦s ♣r♦❝❡s♦s t✉r❜✉❧❡♥t♦s q✉❡ ❛❢❡❝t❛♥ ❛ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❞✉r❛♥t❡ s✉ ❛s❝❡♥s♦ ♣♦r ❧❛ ❩❈✱

s✉ ♣♦st❡r✐♦r ❡♠❡r❣❡♥❝✐❛ ❤❛❝✐❛ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r ② ❡②❡❝❝✐ó♥ ❛❧ ♠❡❞✐♦ ✐♥t❡r♣❧❛♥❡t❛r✐♦

✭◆❛❦✇❛❝❦✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ▲♦s ♠♦❞❡❧♦s ❜✐❞✐♠❡♥s✐♦♥❛❧❡s ✭✷❉✮ ❞❡ ❡✈♦❧✉❝✐ó♥ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦

❡♥ ❧❛ ❩❈ ♣r❡❞✐❝❡♥ q✉❡✱ ♣❛r❛ q✉❡ ❡st♦s ♠❛♥t❡♥❣❛♥ s✉ ❝♦❤❡s✐ó♥ ❢r❡♥t❡ ❛ ❧♦s ❡♠❜❛t❡s ❞❡

❧❛ t✉r❜✉❧❡♥❝✐❛✱ ❞❡❜❡♥ ♣♦s❡❡r ❝✐❡rt❛ ❝❛♥t✐❞❛❞ ❞❡ t♦rs✐ó♥ ✭❈❤❡✉♥❣ ❡t ❛❧✳✱ ✷✵✵✻❀ ❊♠♦♥❡t ✫

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶ ❋❡❜r❡r♦ ✷✵✶✼



■♥tr♦❞✉❝❝✐ó♥

▼♦r❡♥♦✲■♥s❡rt✐s✱ ✶✾✾✽✮✳

▲❛ ❡str✉❝t✉r❛ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ❞❡t❡r♠✐♥❛ ♠✉❝❤❛s

❞❡ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ♦❜s❡r✈❛❞❛s ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❢♦t♦s❢ér✐❝♦s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥✲

❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❯♥❛ ❞❡ ❧❛s ♠ás ♥♦t❛❜❧❡s s♦♥ ❧❛s ❧❧❛♠❛❞❛s ✏❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✑ q✉❡ s❡

♣r♦❞✉❝❡♥ ❞❡❜✐❞♦ ❛ ❧❛ ♣r♦②❡❝❝✐ó♥ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛③✐♠✉t❛❧

❞❡❧ ❝❛♠♣♦ ❞❡ ❧♦s t✉❜♦s ❡♥ ❡♠❡r❣❡♥❝✐❛✳ ▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❛♣❛r❡❝❡♥ ❡♥ ❧♦s ♠❛❣♥❡t♦✲

❣r❛♠❛s ❝♦♠♦ ❞❡❢♦r♠❛❝✐♦♥❡s ♦ ❡①t❡♥s✐♦♥❡s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣r✐♥❝✐♣❛❧❡s q✉❡ ❢♦r♠❛♥ ❛ ❧❛s

❘❆s ❜✐♣♦❧❛r❡s✳ ❊st❛s ❡❧♦♥❣❛❝✐♦♥❡s ❢✉❡r♦♥ ✐❞❡♥t✐✜❝❛❞❛s ♣♦r ▲ó♣❡③ ❋✉❡♥t❡s ❡t ❛❧✳ ✭✷✵✵✵✮✱

♦❜s❡r✈❛❞❛s ❞❡s❞❡ ❡♥t♦♥❝❡s ❡♥ ♥✉♠❡r♦s❛s ❘❆s ✭❈❤❛♥❞r❛ ❡t ❛❧✳✱ ✷✵✵✾❀ ●♦s❛✐♥ ❡t ❛❧✳✱ ✷✵✶✹❀

▲✐ ❡t ❛❧✳✱ ✷✵✵✼❀ ▲ó♣❡③ ❋✉❡♥t❡s ❡t ❛❧✳✱ ✷✵✶✶❀ ▲✉♦♥✐ ❡t ❛❧✳✱ ✷✵✶✶✮ ② r❡♣r♦❞✉❝✐❞❛s ❡♥ s✐♠✉❧❛❝✐♦✲

♥❡s ♥✉♠ér✐❝❛s ✭❆r❝❤♦♥t✐s ✫ ❍♦♦❞✱ ✷✵✶✵❀ ❏♦✉✈❡ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ▲♦s r❡s✉❧t❛❞♦s ❞❡ tr❛❜❛❥♦s

❝♦♠♦ ❡❧ ❞❡ ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ♠✉❡str❛♥ q✉❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦

❛s♦❝✐❛❞♦ ❛ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♣✉❡❞❡ ✉s❛rs❡ ❝♦♠♦ ✉♥ ✐♥❞✐❝❛❞♦r ❝♦♥✜❛❜❧❡ ❞❡❧ s✐❣♥♦

❞❡ ❤❡❧✐❝✐❞❛❞ ②✱ ♠❛r❣✐♥❛❧♠❡♥t❡✱ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❡❧ ❣r❛❞♦ ❞❡ ♥♦ ♣♦t❡♥❝✐❛❧✐❞❛❞ ❞❡❧ ❝❛♠♣♦✱

✐♥✜r✐❡♥❞♦ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❞❡ s✉s ❧í♥❡❛s ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡♠❡r❣❡♥t❡

q✉❡ ❢♦r♠❛ ❧❛ ❘❆ ❜✐♣♦❧❛r✳

❖tr❛ ♣r♦♣✐❡❞❛❞ ❞❡ ❧❛s ❘❆s ❡s q✉❡ ❡❧ ❡❥❡ ♣r✐♥❝✐♣❛❧ ❞❡❧ ❜✐♣♦❧♦ ✭♦ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦✮

❛♣❛r❡❝❡ ✐♥❝❧✐♥❛❞♦ ❝♦♥ r❡s♣❡❝t♦ ❛ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✲♦❡st❡ ❡♥ ✉♥ á♥❣✉❧♦ ❧❧❛♠❛❞♦ ❞❡ ✐♥❝❧✐✲

♥❛❝✐ó♥ ✭♦ t✐❧t ❡♥ ✐♥❣❧és✮✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛ r❡❝✐❜❡ ❡❧ ♥♦♠❜r❡ ❞❡ ▲❡② ❞❡ ❏♦② ✭❍❛❧❡ ❡t ❛❧✳✱

✶✾✶✾✮✳ ❊♥ ❧♦s ♠♦❞❡❧♦s ❞❡ ❞í♥❛♠♦ ❝❧ás✐❝♦s ✭✈❡r ❈❤❛r❜♦♥♥❡❛✉✱ ✷✵✶✵✮✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t s❡

✐♥❝❧✉②❡ ❝♦♠♦ ✉♥ ❡❢❡❝t♦ ❡♠♣ír✐❝♦ ② ❝♦♥tr✐❜✉②❡ ❛ ❧❛ ✐♥✈❡rs✐ó♥ ❞❡❧ ✢✉❥♦ ♣♦❧♦✐❞❛❧ ❞❡ ✉♥ ❝✐❝❧♦

s♦❧❛r ❛❧ s✐❣✉✐❡♥t❡✳ ❱❛r✐♦s ♠♦❞❡❧♦s ♥✉♠ér✐❝♦s q✉❡ s✐♠✉❧❛♥ ❡❧ ❛s❝❡♥s♦ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❛

tr❛✈és ❞❡ ❧❛ ❩❈✱ ❡①♣❧✐❝❛♥ ❡❧ ♦r✐❣❡♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝♦♠♦ ❞❡❜✐❞♦ ❛❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❢✉❡r③❛ ❞❡

❈♦r✐♦❧✐s q✉❡ ❛❝tú❛ s♦❜r❡ ❡❧ t✉❜♦ ❡♥ ❡①♣❛♥s✐ó♥ ✭❆❜❜❡tt ❡t ❛❧✳✱ ✷✵✵✶❀ ❉✬❙✐❧✈❛ ✫ ❈❤♦✉❞❤✉r✐✱

✶✾✾✸❀ ❙❝❤✉ss❧❡r ❡t ❛❧✳✱ ✶✾✾✹✮✳

❊st❡ tr❛❜❛❥♦ ❞❡ ❚❡s✐s s❡ ❝❡♥tr❛ ❡♥ ❡❧ ❡st✉❞✐♦ ❞❡ ❧❛s ♣r♦♣✐❡❞❛❞❡s ❞❡ ❧❛s r❡❣✐♦♥❡s ❜✐♣♦❧❛✲

r❡s ❞✉r❛♥t❡ s✉ ❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✶ ❞❛♠♦s ✉♥❛ ✐♥tr♦❞✉❝❝✐ó♥ ❞❡ ❧❛ ❡str✉❝t✉r❛ ❞❡❧

❙♦❧ ② ❞❡s❝r✐❜✐♠♦s ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❞❡s❞❡ ❡❧ ♠♦❞❡❧♦ ❞❡ ❞í♥❛♠♦

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

❧❛ ❛t♠ós❢❡r❛✳ ■♥tr♦❞✉❝✐♠♦s ❡❧ ❝♦♥❝❡♣t♦ ❞❡ r❡❣✐ó♥ ❛❝t✐✈❛ ✭❘❆✮ r❡❛❧✐③❛♥❞♦ ✉♥❛ ❜r❡✈❡ ❞❡s✲

❋❡❜r❡r♦ ✷✵✶✼ ✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



■♥tr♦❞✉❝❝✐ó♥

❝r✐♣❝✐ó♥ ❡♠♣ír✐❝❛ ❞❡ s✉s ❝❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛❧❡s ② s✉ ✈í♥❝✉❧♦ ❝♦♥ ❡❧ ❝✐❝❧♦ ❞❡ ❛❝t✐✈✐❞❛❞

s♦❧❛r✳

❊♥ ❡❧ ❈❛♣ít✉❧♦ ✷ ❞❡s❝r✐❜✐♠♦s ❡♥ ❞❡t❛❧❧❡ ❡❧ ♣r♦❝❡s♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s ❜✐♣♦❧❛r❡s✱

❜❛s❛❞♦ ❡♥ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝♦♥ t♦rs✐ó♥✳ ■♥tr♦❞✉❝✐♠♦s ❡❧ ❝♦♥✲

❝❡♣t♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ② ♣r❡s❡♥t❛♠♦s ❞✐st✐♥t♦s ♠ét♦❞♦s ♣❛r❛ ❡st✐♠❛r❧❛ ❛ ♣❛rt✐r

❞❡ ♦❜s❡r✈❛❝✐♦♥❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❘❆s✳ ❈♦♠♣❛r❛♠♦s ❧❛s ♣r♦♣✐❡❞❛❞❡s ❞❡ ❧❛

❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s ❝♦♥ ✉♥❛ s✐♠✉❧❛❝✐ó♥ ▼❍❉ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦

❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡ ❡♥ ✉♥ ♠❡❞✐♦ ❝♦♥✈❡❝t✐✈♦✳ ❋✐♥❛❧♠❡♥t❡✱ ❞❡s❛rr♦❧❧❛♠♦s ♠♦❞❡✲

❧♦s ❛♥❛❧ít✐❝♦s ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡ ② ✈❛r✐❛❜❧❡ ♣❛r❛ ❞❡s❝r✐❜✐r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s

♠❛❣♥ét✐❝❛s ♦❜s❡r✈❛❞❛s ❡♥ ❘❆s ❜✐♣♦❧❛r❡s✳

❊♥ ❡❧ ❈❛♣ít✉❧♦ ✸ ❞❡s❝r✐❜✐♠♦s ❧♦s ♣r♦❝❡❞✐♠✐❡♥t♦s ❞❡s❛rr♦❧❧❛❞♦s ♣❛r❛ ❧❛ ❝❛r❛❝t❡r✐③❛❝✐ó♥

❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ♣❛rt✐r ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s

♠❛❣♥ét✐❝❛s✳ P❛r❛ ❡st♦ ❞❡✜♥✐♠♦s ✉♥ ú♥✐❝♦ ♣❛rá♠❡tr♦✱ τ ✱ ❛ ♣❛rt✐r ❞❡ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛

❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡ ❧❛s r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s✳ ❊st❛❜❧❡❝❡♠♦s

❡❧ ✈í♥❝✉❧♦ ❡♥tr❡ ❡st❡ ♣❛rá♠❡tr♦ ② ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✱ ❜❛sá♥❞♦♥♦s

❡♥ ❧♦s ♠♦❞❡❧♦s ❞❡s❛rr♦❧❧❛❞♦s ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✷✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣❛r❛ ❛♣r♦①✐♠❛r ❧❛ ❧í♥❡❛

❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ② ❧❛ ❞❡✜♥✐❝✐ó♥ ❞❡ τ ❢✉❡r♦♥ ♣r❡s❡♥t❛❞♦s ❡♥ P♦✐ss♦♥ ❡t ❛❧✳ ✭✷✵✶✷✮

② P♦✐ss♦♥ ❡t ❛❧✳ ✭✷✵✶✺❜✮✳

❊❧ ❈❛♣ít✉❧♦ ✹ ❝♦♥t✐❡♥❡ ❡❧ ❛♥á❧✐s✐s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ✹✶ ❘❆s✳ ❯s❛♥❞♦ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❝❛♠♣♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ r❡❧❛❝✐♦♥❛♠♦s

❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ ❡st❡ ♣❛rá♠❡tr♦ ❝♦♥ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ✭P♦✐ss♦♥

❡t ❛❧✳✱ ✷✵✶✺❜✮✳ P❛r❛ ❡st❛s r❡❣✐♦♥❡s r❡❛❧✐③❛♠♦s ✉♥❛ ❝♦♠♣❛r❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦

❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♦❜t❡♥✐❞❛ ❞❡

♠♦❞❡❧♦s ❞❡ ❝❛♠♣♦ ❝♦r♦♥❛❧ ♠❡❞✐❛♥t❡ ❡①tr❛♣♦❧❛❝✐♦♥❡s ❧✐❜r❡s ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧❡s ❞❡❧ ❝❛♠♣♦

❢♦t♦s❢ér✐❝♦ ✭✈❡r P♦✐ss♦♥ ❡t ❛❧✳✱ ✷✵✶✺❛✮✳

❊♥ ❡❧ ❈❛♣ít✉❧♦ ✺ ♣r❡s❡♥t❛♠♦s ❧♦s r❡s✉❧t❛❞♦s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛❧ ❡st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r✲

❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❜✐♣♦❧❛r❡s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ ❞❡ ❛❝t✐✈✐❞❛❞ s♦❧❛r ✭P♦✐ss♦♥

❡t ❛❧✳✱ ✷✵✶✻✮✳ ❯s❛♥❞♦ ❡❧ ♣❛rá♠❡tr♦ τ ❝♦♠♦ ✐♥❞✐❝❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✱

❡♥❝♦♥tr❛♠♦s ✉♥❛ ❞é❜✐❧ t❡♥❞❡♥❝✐❛ ❤❡♠✐s❢ér✐❝❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♣❛r❛

✉♥ ❣r✉♣♦ ❞❡ ✶✺✷ ❘❆s ❜✐♣♦❧❛r❡s✳ ❊♥❝♦♥tr❛♠♦s ✉♥❛ ❣r❛♥ ✈❛r✐❛❜✐❧✐❞❛❞ ❡♥ ❧♦s ♣❡r✜❧❡s ❞❡

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✸ ❋❡❜r❡r♦ ✷✵✶✼



■♥tr♦❞✉❝❝✐ó♥

❡✈♦❧✉❝✐ó♥ ❞❡ τ ❡♥tr❡ ❧❛s r❡❣✐♦♥❡s ❡st✉❞✐❛❞❛s✳ ❊①♣❧♦r❛♠♦s ❧♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡

t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ♣❛r❛ r❡♣r♦❞✉❝✐r ❧❛ ❣r❛♥ ✈❛r✐❛❜✐❧✐❞❛❞ ❞❡ ❧♦s ♣❡r✜❧❡s

❞❡ ❡✈♦❧✉❝✐ó♥ ❞❡ τ ♦❜t❡♥✐❞♦s✳

▲♦s ❡st✉❞✐♦s ♣r❡s❡♥t❛❞♦s ❡♥ ❧♦s ❝❛♣ít✉❧♦s ❛♥t❡r✐♦r❡s ♠✉❡str❛♥ q✉❡ ❧❛ ♣r❡s❡♥❝✐❛ ② ❡✈♦❧✉✲

❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❛❢❡❝t❛♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ♦❜s❡r✈❛❞♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥

❞❡ ❧❛ ✈✐s✉❛❧✳ ❊♥t♦♥❝❡s ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✱ ❡♥ ❡st♦s ♠❛❣♥❡t♦❣r❛♠❛s✱ ❡st❛rá

❧✐❣❛❞❛ ❛ ❧❛ ❢❛s❡ ❡✈♦❧✉t✐✈❛ ❞❡ ❧❛ ❘❆✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✻✱ ♠♦str❛♠♦s q✉❡ ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ❧❛t✐t✉❞ ❤❡❧✐♦❣rá✜❝❛ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❡stá ❛❢❡❝t❛❞❛ ♣♦r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❛s

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳ ❆ ♣❛rt✐r ❞❡ ❡st❡ r❡s✉❧t❛❞♦ ♣r♦❜❛♠♦s ❞✐❢❡r❡♥t❡s ♣r♦❝❡❞✐♠✐❡♥t♦s ♣❛r❛

r❡❞✉❝✐r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡

❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s✳

P♦r ú❧t✐♠♦ ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✼ r❡s✉♠✐♠♦s ❧♦s r❡s✉❧t❛❞♦s ❞❡ ❡st❡ tr❛❜❛❥♦ ❞❡ ❚❡s✐s✱ ♣r❡✲

s❡♥t❛♠♦s ♥✉❡str❛s ❝♦♥❝❧✉s✐♦♥❡s ② ❞✐s❝✉t✐♠♦s ♣♦s✐❜❧❡s tr❛❜❛❥♦s ❢✉t✉r♦s✳

❋❡❜r❡r♦ ✷✵✶✼ ✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✶

❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❊♥ ❡st❡ ❝❛♣ít✉❧♦ ✐♥tr♦❞✉❝✐♠♦s ❞❡✜♥✐❝✐♦♥❡s ❜ás✐❝❛s ② ❞❡s❝r✐❜✐♠♦s ❧❛s ❡str✉❝t✉r❛s ♦❜✲

s❡r✈❛❞❛s ❡♥ ❡❧ ❙♦❧✳ ❊♥ ♣r✐♠❡r ❧✉❣❛r ♣r❡s❡♥t❛♠♦s ❜r❡✈❡♠❡♥t❡ ❧❛s ❞✐❢❡r❡♥t❡s r❡❣✐♦♥❡s q✉❡

❝♦♥st✐t✉②❡♥ ❧❛ ❡str✉❝t✉r❛ ❞❡ ❙♦❧✱ ❞❡s❞❡ ❡❧ ♥ú❝❧❡♦ ❤❛st❛ ❧❛ ❝♦r♦♥❛ ② s✉ ❡①t❡♥s✐ó♥ ❛❧ ✈✐❡♥t♦

s♦❧❛r✳ ❘❡❛❧✐③❛♠♦s ✉♥❛ ❞❡s❝r✐♣❝✐ó♥ ❞❡ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦✱

❡♥ ♣❛rt✐❝✉❧❛r✱ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ② ❞❡ s✉ ❡str✉❝t✉r❛ ❝♦r♦♥❛❧ ♦❜s❡r✈❛❞❛ ❡♥ ❡❧ ✉❧tr❛✲

✈✐♦❧❡t❛ ❡①tr❡♠♦ ✭❊❯❱✮✳ ❋✐♥❛❧♠❡♥t❡✱ ❞❡s❝r✐❜✐♠♦s ❡❧ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ ❛ tr❛✈és ❞❡❧

♠♦❞❡❧♦ s❡♠✐❡♠♣ír✐❝♦ ❞❡ ❇❛❜❝♦❝❦✲▲❡✐❣t❤♦♥✱ ❡❧ ❝✉❛❧ ♠♦❞❡❧❛ ❧❛s ♣r♦♣✐❡❞❛❞❡s ❣❧♦❜❛❧❡s ❞❡❧

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♦❜s❡r✈❛❞❛s ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❝✐❝❧♦ s♦❧❛r✳

✶✳✶✳ ❊str✉❝t✉r❛ ❞❡❧ ❙♦❧

❊❧ ❙♦❧ ❡s ✉♥❛ ❡str❡❧❧❛ ♣r♦♠❡❞✐♦ ❞❡ ❝❧❛s❡ ❡s♣❡❝tr❛❧ ●✷❱ ✉❜✐❝❛❞❛ ❡♥ ❡❧ s❡❝✉❡♥❝✐❛ ♣r✐♥✲

❝✐♣❛❧ ❞❡❧ ❞✐❛❣r❛♠❛ ❞❡ ❍❡rt③♣r✉♥❣✲❘✉ss❡❧❧ ✭❧✉♠✐♥♦s✐❞❛❞ ✈s✳ t❡♠♣❡r❛t✉r❛✮✳ ❈♦♠♦ ♦tr❛s

❡str❡❧❧❛s✱ ♣r♦❞✉❝❡ s✉ ❡♥❡r❣í❛ ❡♥ ❡❧ ♥ú❝❧❡♦ ♣♦r ♠❡❞✐♦ ❞❡ ❢✉s✐ó♥ ❞❡ ❤✐❞ró❣❡♥♦ ❡♥ ❤❡❧✐♦✳ ▲♦s

♠♦❞❡❧♦s ❡st❡❧❛r❡s ❝❧ás✐❝♦s ❞❡s❝r✐❜❡♥ ❧❛ ❡str✉❝t✉r❛ ✐♥t❡r♥❛ ❞❡ ❡st❛s ❡str❡❧❧❛s ❞✐✈✐❞✐é♥❞♦✲

❧❛ ❡♥ ❝❛♣❛s ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡s❢ér✐❝❛s ✭✈❡r ❋✐❣✉r❛ ✶✳✶✮✳ ❊♥ ❝❛❞❛ ✉♥❛ ❞❡ ❡st❛s ❝❛♣❛s ❡❧

♠❡❝❛♥✐s♠♦ ❞❡ tr❛s♣♦rt❡ ❞❡ ❡♥❡r❣í❛ ❝❛♠❜✐❛ s❡❣ú♥ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡❧ ♣❧❛s♠❛ ✭Pr✐❡st✱

✷✵✶✹✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✺ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❋✐❣✉r❛ ✶✳✶✿ ❊sq✉❡♠❛ ❞❡ ❧❛ ❡str✉❝t✉r❛ ❞❡❧ ✐♥t❡r✐♦r ② ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳

✶✳✶✳✶✳ ■♥t❡r✐♦r s♦❧❛r

❆ú♥ s✐♥ t❡♥❡r ✉♥❛ ♦❜s❡r✈❛❝✐ó♥ ❞✐r❡❝t❛ ❞❡❧ ✐♥t❡r✐♦r s♦❧❛r✱ ❡s ♣♦s✐❜❧❡ ✐♥❢❡r✐r ♠✉❝❤❛s

♣r♦♣✐❡❞❛❞❡s ❞❡ s✉ ❡str✉❝t✉r❛ ♠❡❞✐❛♥t❡ ❡❧ ✉s♦ ❞❡ té❝♥✐❝❛s ❤❡❧✐♦s✐s♠♦❧ó❣✐❝❛s ✭❈❤r✐st❡♥s❡♥✲

❉❛❧s❣❛❛r❞✱ ✷✵✵✷✮ ❝♦♠❜✐♥❛❞❛s ❝♦♥ ❞✐st✐♥t♦s ♠♦❞❡❧♦s ❞❡ ✐♥t❡r✐♦r❡s ❡st❡❧❛r❡s ✭❍❛♥s❡♥ ❡t ❛❧✳✱

✷✵✵✹✮✳ ▲❛ t❡♠♣❡r❛t✉r❛ ❞❡❧ ♥ú❝❧❡♦ s♦❧❛r s❡ ❡st✐♠❛ ❞❡❧ ♦r❞❡♥ ❞❡ ❧♦s 15 × 106K ② s❡ ❡①✲

t✐❡♥❞❡ ❤❛st❛ ✉♥ r❛❞✐♦ ❛♣r♦①✐♠❛❞♦ ❞❡ 0,25R⊙ ✭❡♥ ❞♦♥❞❡ R⊙ = 6,96 × 108m✮✳ ❆ ❡st❛s

t❡♠♣❡r❛t✉r❛s ❡❧ ♣r♦❝❡s♦ ❞❡ ❢✉s✐ó♥ ♠ás ❡✜❝✐❡♥t❡ ❡stá ❞❛❞♦ ♣♦r ❧❛ tr❛♥s❢♦r♠❛❝✐ó♥ ❞❡ ❝✉❛✲

tr♦ ♣r♦t♦♥❡s r❡s✉❧t❛♥❞♦ ❡♥ ❧❛ ❣❡♥❡r❛❝✐ó♥ ❞❡ 4❍❡✳ ❊st❡ t✐♣♦ ❞❡ ♣r♦❝❡s♦s t❡r♠♦♥✉❝❧❡❛r❡s

❡✈✐t❛♥ ❡❧ ❝♦❧❛♣s♦ ❣r❛✈✐t❛t♦r✐♦ ❞❡❧ ❙♦❧ ② ❧✐❜❡r❛♥ ❡♥❡r❣í❛ ♠❛②♦r♠❡♥t❡ ❡♥ ❢♦r♠❛ ❞❡ r❛②♦s

❣❛♠♠❛ ❞❡ ❛❧t❛ ❡♥❡r❣í❛ q✉❡ ❡s tr❛s♣♦rt❛❞❛ ❛ ❧❛s ❝❛♣❛s s✉♣❡r✐♦r❡s✳ ▲❛ ú♥✐❝❛ ✐♥❢♦r♠❛❝✐ó♥

❋❡❜r❡r♦ ✷✵✶✼ ✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✶✳✶✳ ❊❙❚❘❯❈❚❯❘❆ ❉❊▲ ❙❖▲

❋✐❣✉r❛ ✶✳✷✿ P❛♥❡❧ ✐③q✉✐❡r❞♦✿ t❛s❛ ❞❡ r♦t❛❝✐ó♥ ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ❢r❛❝❝✐ó♥ ❞❡ r❛❞✐♦ s♦❧❛r ❛ ❧❛s

❧❛t✐t✉❞❡s ✐♥❞✐❝❛❞❛s ✭❍♦✇❡ ❡t ❛❧✳✱ ✷✵✵✵✮✳ P❛♥❡❧ ❞❡r❡❝❤♦✿ ❞✐str✐❜✉❝✐ó♥ r❛❞✐❛❧ ② ❧❛t✐t✉❞✐♥❛❧

❞❡ ❧❛ t❛s❛s ❞❡ r♦t❛❝✐ó♥ s♦❧❛r ✭❍♦✇❡ ❡t ❛❧✳✱ ✷✵✵✺✮✳

❞✐r❡❝t❛ ❞❡❧ ♥ú❝❧❡♦ ♣r♦✈✐❡♥❡ ❞❡ ❧❛ ❞❡t❡❝❝✐ó♥ ❞❡ ♥❡✉tr✐♥♦s ♣r♦❞✉❝✐❞♦s ❞✉r❛♥t❡ ❧♦s ♣r♦❝❡s♦s

❞❡ ❢✉s✐ó♥✳ ❊st❛s ♣❛rtí❝✉❧❛s ❛tr❛✈✐❡s❛♥ ❧❛s ❝❛♣❛s s✉♣❡r✐♦r❡s ❞❡❧ s♦❧ s✐♥ ✐♥t❡r❛❝t✉❛r ❝♦♥ ❡❧

♣❧❛s♠❛ ② ❛♣♦rt❛♥ ✐♥❢♦r♠❛❝✐ó♥ ❞❡ ❧♦s ♣r♦❝❡s♦s q✉❡ ♦❝✉rr❡♥ ❡♥ ❡❧ ♥ú❝❧❡♦ ✭❆❧❧❡♥❞❡ Pr✐❡t♦✱

✷✵✶✻✮✳ ▲❛ ③♦♥❛ r❛❞✐❛t✐✈❛ s❡ ❝❛r❛❝t❡r✐③❛ ♣♦r s✉ ❛❧t❛ ❞❡♥s✐❞❛❞ q✉❡ ❡✈✐t❛ ❡❧ ❡s❝❛♣❡ ❞❡ ❧♦s

❢♦t♦♥❡s ❡♥❡r❣ét✐❝♦s ❣❡♥❡r❛❞♦s ❡♥ ❡❧ ♥ú❝❧❡♦✳ P♦r ❧♦ t❛♥t♦✱ ❡❧ tr❛♥s♣♦rt❡ ❞❡ ❡♥❡r❣í❛ ❡♥ ❡st❛

③♦♥❛ s❡ r❡❛❧✐③❛ ❛ tr❛✈és ❞❡ ❧❛s ❝♦❧✐s✐♦♥❡s ❞❡ ❧♦s ❢♦t♦♥❡s ❝♦♥ ❧❛s ♣❛rtí❝✉❧❛s ❞❡❧ ♣❧❛s♠❛✳

▲❛ ③♦♥❛ r❛❞✐❛t✐✈❛ s❡ ❡①t✐❡♥❞❡ ❤❛st❛ ✉♥ r❛❞✐♦ ❞❡ ∼ 0,7R⊙ ② t✐❡♥❡ ✉♥❛ t❡♠♣❡r❛t✉r❛ q✉❡

✈❛rí❛ ❡♥tr❡ 7 × 106K ② 2 × 106K✳ ❆ t❡♠♣❡r❛t✉r❛s ♠❡♥♦r❡s q✉❡ 106K ❡❧ tr❛♥s♣♦rt❡ r❛✲

❞✐❛t✐✈♦ ❞❡❥❛ ❞❡ s❡r ❡✜❝✐❡♥t❡ ② ❝♦♠✐❡♥③❛ ❛ ❞♦♠✐♥❛r ❡❧ tr❛♥s♣♦rt❡ ♣♦r ❝♦♥✈❡❝❝✐ó♥✳ ▲❛ ③♦♥❛

❝♦♥✈❡❝t✐✈❛ s❡ ❡①t✐❡♥❞❡ ❤❛st❛ ❧❛ s✉♣❡r✜❝✐❡ s♦❧❛r ❞❛♥❞♦ ♦r✐❣❡♥ ❛❧ ♣❛tró♥ ❣r❛♥✉❧❛❞♦ ❞❡ ❧❛s

❝❡❧❞❛s ❝♦♥✈❡❝t✐✈❛s✳ ▲❛ ❝♦♥✈❡❝❝✐ó♥ ❞❛ ❧✉❣❛r ❛ ❞✐❢❡r❡♥t❡s ❡s❝❛❧❛s ❞❡ ❣r❛♥✉❧❛❝✐ó♥ ❢♦r♠❛❞❛s

♣♦r ❡❧ ❛s❝❡♥s♦ ❞❡ ✢✉❥♦s ❞❡ ♣❧❛s♠❛ ❝❛❧✐❡♥t❡ ② ❡❧ s✉❜s✐❣✉✐❡♥t❡ ❞❡s❝❡♥s♦ ❞❡❧ ♠❛t❡r✐❛❧ ✉♥❛

✈❡③ ❡♥❢r✐❛❞♦ ❡♥ ❧❛ ❢♦tós❢❡r❛ ✭Pr✐❡st✱ ✷✵✶✹✮✳

❊❧ ❙♦❧ r♦t❛ ❡♥ t♦r♥♦ ❛ s✉ ❡❥❡ ❡♥ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✼ ❞í❛s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧❛ r♦t❛❝✐ó♥

♥♦ ❡s ✉♥✐❢♦r♠❡ s✐❡♥❞♦ s✉st❛♥❝✐❛❧♠❡♥t❡ ♠❡♥♦r ❝❡r❝❛ ❞❡ ❧♦s ♣♦❧♦s q✉❡ ❡♥ ❡❧ ❡❝✉❛❞♦r✳ ❊st❛

r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧ s✉♣❡r✜❝✐❛❧ ❡s ❝♦♥♦❝✐❞❛ ♣♦r ❧❛ ♦❜s❡r✈❛❝✐ó♥ ❞❡ ♠❛♥❝❤❛s s♦❧❛r❡s ❞❡s❞❡

❤❛❝❡ ②❛ ♠ás ❞❡ tr❡s s✐❣❧♦s✳ ❊♥ ❧❛s ú❧t✐♠❛s ❞é❝❛❞❛s ❤❛ s✐❞♦ ♣♦s✐❜❧❡ r❡❝♦♥str✉✐r ❡❧ ♣❡r✜❧

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✼ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❞❡ r♦t❛❝✐ó♥ ❡♥ ❡❧ ✐♥t❡r✐♦r s♦❧❛r ✭❋✐❣✉r❛ ✶✳✷✮ ❡st✉❞✐❛♥❞♦ ❧❛ ♣r♦♣❛❣❛❝✐ó♥ ❞❡ ♦♥❞❛s✱ s✉

✐♥t❡r❢❡r❡♥❝✐❛ ② ✈❛r✐❛❝✐ó♥ ✭❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈♦♠♦ ✈❡r❡♠♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✶✳✷✳✸✱ ❧❛

❣❡♥❡r❛❝✐ó♥ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ② ❧❛ ❞✐♥á♠✐❝❛ ❞❡❧ ❝✐❝❧♦ s♦❧❛r ❡stá♥ ❢✉❡rt❡♠❡♥t❡ ✈✐♥❝✉❧❛❞❛s

❝♦♥ ❧❛ r♦t❛❝✐ó♥ ❞❡❧ ♣❧❛s♠❛ ❡♥ ❧❛s ❝❛♣❛s ✐♥t❡r♥❛s ❞❡ ❙♦❧✳ ❊❧ ♠♦❞❡❧♦ ❞❡ ❞í♥❛♠♦ ❞❡ ❇❛❜❝♦❝❦

✭✶✾✻✶✮ ♣r♦♣♦♥❡ q✉❡ ❡❧ ❛❧♠❛❝❡♥❛♠✐❡♥t♦ ② ❛♠♣❧✐✜❝❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s❡ ♣r♦❞✉❝❡

❡♥ ✉♥❛ ❝❛♣❛ ❡♥tr❡ ❧❛ ③♦♥❛ r❛❞✐❛t✐✈❛ ② ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✳ ❊♥ ❡s❛ ③♦♥❛✱ ❝♦♥♦❝✐❞❛ ❝♦♠♦ ❧❛

t❛❝♦❝❧✐♥❛✱ s❡ ♣r♦❞✉❝❡ ✉♥❛ tr❛♥s✐❝✐ó♥ ❡♥tr❡ ❧❛ r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧ ② ❧❛ r♦t❛❝✐ó♥ rí❣✐❞❛ ❞❡ ❧❛

③♦♥❛ r❛❞✐❛t✐✈❛✱ ❢❛✈♦r❡❝✐❡♥❞♦ ❡❧ ❝✐s❛❧❧❛♠✐❡♥t♦ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ q✉❡ s♦♥ ❛rr❛str❛❞❛s

♣♦r ❡❧ ♠♦✈✐♠✐❡♥t♦ ❞❡❧ ♣❧❛s♠❛✳

✶✳✶✳✷✳ ❆t♠ós❢❡r❛ s♦❧❛r

▲❛ ❛t♠ós❢❡r❛ s♦❧❛r s❡ ❞❡✜♥❡ ❝♦♠♦ ❧❛ r❡❣✐ó♥ ❛ ♣❛rt✐r ❞❡ ❧❛ ❝✉❛❧ ❡❧ ♣❧❛s♠❛ s❡ ✈✉❡❧✈❡

ó♣t✐❝❛♠❡♥t❡ ❞❡❧❣❛❞♦✳ ▲❛ ❢♦tós❢❡r❛ ❡s ❧❛ ❝❛♣❛ ✐♥❢❡r✐♦r ❞❡ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r q✉❡ s❡ ❡①t✐❡♥❞❡

❡♥ ✉♥♦s ∼ 100 km ♣♦r ❡♥❝✐♠❛ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ② s❡ ❝❛r❛❝t❡r✐③❛ ♣♦r t❡♥❡r ✉♥❛ ❜❛s❡

ó♣t✐❝❛♠❡♥t❡ ❣r✉❡s❛ q✉❡ ♦♣❛❝❛ ❛❧ ✐♥t❡r✐♦r s♦❧❛r✳ ❙❡ ❝♦♠♣♦♥❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡ ❍ ♥❡✉tr♦

❛ ✉♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ∼ 6000 K✳ ❆ ❡st❛ t❡♠♣❡r❛t✉r❛ ❡❧ ♣❧❛s♠❛ ❡♠✐t❡ ❡♥ ✉♥ r❛♥❣♦ q✉❡

✈❛rí❛ ❡♥tr❡ ❡❧ ✉❧tr❛✈✐♦❧❡t❛ ② ❡❧ ✐♥❢r❛rr♦❥♦ ❝❡r❝❛♥♦✱ ❝♦♥ ✉♥ ♣✐❝♦ ❞❡ ❡♠✐s✐ó♥ ❡♥ ❡❧ ✈✐s✐❜❧❡✳

❊♥ ❡❧ r❛♥❣♦ ✈✐s✐❜❧❡✱ ❡❧ ✾✾ ✪ ❞❡❧ ár❡❛ ❞❡ ❧❛ ❢♦tós❢❡r❛ s❡ ♦❜s❡r✈❛ ❝♦♠♦ ✉♥ ♣❛tró♥ ❣r❛♥✉❧❛❞♦

❞❡ ❞✐♠❡♥s✐♦♥❡s ❞❡❧ ♦r❞❡♥ ❞❡ 1 Mm r❡s✉❧t❛❞♦ ❞❡ ❧❛ ❡♠✐s✐ó♥ ❞❡❧ ♠❛t❡r✐❛❧ q✉❡ ❛s❝✐❡♥❞❡

② ❞❡s❝✐❡♥❞❡ ❡♥ ❧❛s ❝❡❧❞❛s ❝♦♥✈❡❝t✐✈❛s✳ ❊♥ ♣r❡s❡♥❝✐❛ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ✐♥t❡♥s♦s ✭≥
103 G✮ ❛♣❛r❡❝❡♥ ❡①t❡♥s❛s r❡❣✐♦♥❡s ❝♦♥♦❝✐❞❛s ❝♦♠♦ ♠❛♥❝❤❛s s♦❧❛r❡s✳ ▲❛ t❡♠♣❡r❛t✉r❛ ❞❡❧

♣❧❛s♠❛ ❡♥ ❡s❛s ③♦♥❛s ❡s ♠❡♥♦r q✉❡ ❧❛ ❞❡❧ r❡st♦ ❞❡ ❧❛ ❢♦t♦s❢❡r❛ ✭≈ 4000 K✮ ♣♦r ❧♦ ❝✉❛❧

t✐❡♥❡♥ ✉♥ ❜r✐❧❧♦ ♠❡♥♦r q✉❡ ❧❛s ③♦♥❛s ❝✐r❝✉♥❞❛♥t❡s ② s❡ ✈❡♥ ♦s❝✉r❛s ♣♦r ❡st❡ ❝♦♥tr❛st❡✳

▲❛s ♠❛♥❝❤❛s s♦❧❛r❡s s♦♥ ❧❛ ♠❛♥✐❢❡st❛❝✐ó♥ ❡♥ ❡❧ ✈✐s✐❜❧❡ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ✭❘❆s✮

♣r♦❞✉❝✐❞❛s ♣♦r ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭✈❡r ❧❛ ❙❡❝❝✐ó♥ ✶✳✷✳✶✮✳

❆ ♠❡❞✐❞❛ q✉❡ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r s❡ ❡①♣❛♥❞❡ ❛❧ ♠❡❞✐♦ ✐♥t❡r♣❧❛♥❡t❛r✐♦ ♣♦❞rí❛ ❡s♣❡r❛rs❡

q✉❡ ❛❧ ❜❛❥❛r ❧❛ ❞❡♥s✐❞❛❞✱ ❧❛ ❡♥❡r❣í❛ ♣r♦❞✉❝✐❞❛ ❡♥ ❡❧ ♥ú❝❧❡♦ s❡ ❧✐❜❡r❡ ❝♦♠♦ r❛❞✐❛❝✐ó♥

❡❧❡❝tr♦♠❛❣♥ét✐❝❛ ❡♥❢r✐❛♥❞♦ ❡❧ ♣❧❛s♠❛ ❡♥ ❧❛s r❡❣✐♦♥❡s ❡①t❡r✐♦r❡s✳ ❙✐♥ ❡♠❜❛r❣♦✱ s❡ ♦❜s❡r✈❛

q✉❡ ♣♦r ❡♥❝✐♠❛ ❞❡ ❧❛ ❢♦tós❢❡r❛ ❧❛ t❡♠♣❡r❛t✉r❛ ❞❡❧ ♣❧❛s♠❛ ❛✉♠❡♥t❛✳ ❊st❡ ✐♥❝r❡♠❡♥t♦

❝♦♠✐❡♥③❛ ❛ ❞❛rs❡ ❡♥ ❧❛ ❝r♦♠ós❢❡r❛ ❡♥ ❞♦♥❞❡ ❛ s♦❧♦ 2,500 km ♣♦r s♦❜r❡ ❧❛ s✉♣❡r✜❝✐❡ s♦❧❛r

❋❡❜r❡r♦ ✷✵✶✼ ✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✶✳✶✳ ❊❙❚❘❯❈❚❯❘❆ ❉❊▲ ❙❖▲

❋✐❣✉r❛ ✶✳✸✿ ■♠á❣❡♥❡s ❞❡ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r ❡♥ ❞✐st✐♥t❛s ❜❛♥❞❛s t♦♠❛❞❛s ❡♥ t✐❡♠♣♦s ❝❛s✐

s✐♠✉❧tá♥❡♦s ♣♦r ✐♥str✉♠❡♥t♦s ❛ ❜♦r❞♦ ❞❡❧ ❙♦❧❛r ❉②♥❛♠✐❝s ❖❜s❡r✈❛t♦r② ✭❙❉❖✮ ❡❧ ✷✷

❞❡ ♦❝t✉❜r❡ ❞❡ ✷✵✶✷ ✭◆❆❙❆✴❙❉❖✴●♦❞❞❛r❞✮✳ ▲❛s ✐♠á❣❡♥❡s ❡♥ ❊❯❱ ✭171✱ 335 ② 304➴✮

t♦♠❛❞❛s ♣♦r ❡❧ ❆t♠♦s♣❤❡r✐❝ ■♠❛❣✐♥❣ ❆ss❡♠❜❧② ✭❆■❆✮ ♠✉❡str❛♥ ❡❧ ♣❧❛s♠❛ ❝❛❧✐❡♥t❡ ❡♥

❡♠✐s✐ó♥ ❡♥ ❧❛ ❝♦r♦♥❛ ② ❛❧t❛ ❝r♦♠ós❢❡r❛✳ ❊❧ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡❧ ❍❡❧✐♦s❡✐s♠✐❝ ❛♥❞ ▼❛❣♥❡t✐❝

■♠❛❣❡r ✭❍▼■✮ ♠✉❡str❛ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❛

❧❛ ❛❧t✉r❛ ❞❡ ❧❛ ❢♦tós❢❡r❛✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✾ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❧❛ t❡♠♣❡r❛t✉r❛ ❛✉♠❡♥t❛ ❛ ≈ 20000K✳ ▲❛ ❝r♦♠♦s❢❡r❛ ❡s ✈✐s✐❜❧❡ ❞✉r❛♥t❡ ❧♦s ♣r✐♠❡r♦s

s❡❣✉♥❞♦s ❞❡ ✉♥ ❡❝❧✐♣s❡ t♦t❛❧✱ ❝♦♠♦ ✉♥❛ ❞❡❧❣❛❞❛ ❧í♥❡❛ r♦❥✐③❛ ❞❡❜✐❞♦ ❛ ❧❛ ❡♠✐s✐ó♥ ❞❡ ❧❛

♣r✐♠❡r ❧í♥❡❛ ❡s♣❡❝tr❛❧ ❞❡ ❧❛ s❡r✐❡ ❞❡ ❇❛❧♠❡r ❞❡❧ ❡s♣❡❝tr♦ ❞❡ ❍ ✭❍α✮✳ ▲❛s ♦❜s❡r✈❛❝✐♦♥❡s

❡♥ ❡st❛ ❧í♥❡❛ ❡s♣❡❝tr❛❧ ♣❡r♠✐t❡♥ ✐❞❡♥t✐✜❝❛r ❡str✉❝t✉r❛s ❝r♦♠♦s❢ér✐❝❛s ❢♦r♠❛❞❛s ♣♦r ❧❛

♣r❡s❡♥❝✐❛ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ✐♥t❡♥s♦s✳ ❊♥ ❧❛ ③♦♥❛s ❝✐r❝✉♥❞❛♥t❡s ❛ ❧❛s ♠❛♥❝❤❛s s♦❧❛r❡s

s❡ ✈❡♥ r❡❣✐♦♥❡s ❜r✐❧❧❛♥t❡s ❝♦♥♦❝✐❞❛s ❝♦♠♦ ♣❧❛❣❡s ❛s♦❝✐❛❞❛s ❝♦♥ ❧❛ ❝♦♥❝❡♥tr❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦✳ ❖tr❛s ❡str✉❝t✉r❛s✱ ❧❧❛♠❛❞❛s ✜❧❛♠❡♥t♦s✱ s❡ ♦❜s❡r✈❛♥ ♦s❝✉r❛s s♦❜r❡ ❡❧ ❞✐s❝♦ s♦❧❛r

② ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ♣❧❛s♠❛ ❞❡♥s♦ ② ❢rí♦ ❡♥ ❛❜s♦r❝✐ó♥ q✉❡ s❡ ❡♥❝✉❡♥tr❛ s✉s♣❡♥❞✐❞♦ s♦❜r❡

❧❛ s✉♣❡r✜❝✐❡ ♣♦r ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✳ ❊st♦s ✜❧❛♠❡♥t♦s s❡ ♣✉❡❞❡♥

✈❡r ❡♥ ❡♠✐s✐ó♥ ❝✉❛♥❞♦ s❡ ❡♥❝✉❡♥tr❛ ❡♥ ❡❧ ❧✐♠❜♦ ② s♦♥ ❝♦♥♦❝✐❞♦s ❝♦♠♦ ♣r♦t✉❜❡r❛♥❝✐❛s✳

❚❛❜❧❛ ✶✳✶✿ P❛rá♠❡tr♦s ❞❡❧ ♣❧❛s♠❛ ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳

❘❡❣✐ó♥ n (m−3) ne/nH T (K) B (gauss) β

❋♦tós❢❡r❛ 1023 10−4 6 × 103 1 − 1500 > 10

❈r♦♠ós❢❡r❛ 1019 10−3 1− 2× 104 10 − 100 10 − 0,1

❘❡❣✐ó♥ ❞❡

❚r❛♥s✐❝✐ó♥
1015 1 104 − 106 1 − 10 10−2

❈♦r♦♥❛ 1014 1 106 1 − 10 10−2 − 1

❊♥tr❡ ❧❛ ❝r♦♠ós❢❡r❛ ② ❧❛ ❝♦r♦♥❛ s❡ ❡♥❝✉❡♥tr❛ ❧❛ r❡❣✐ó♥ ❞❡ tr❛♥s✐❝✐ó♥✳ ❊st❛ ❞❡❧❣❛❞❛

❝❛♣❛ s❡ ❝❛r❛❝t❡r✐③❛ ♣♦r ❡❧ ♣r♦♥✉♥❝✐❛❞♦ ❛✉♠❡♥t♦ ❞❡ ❧❛ t❡♠♣❡r❛t✉r❛✱ ♣❛s❛♥❞♦ ❞❡ 20000 K

❛ ♠ás ❞❡ 106 K✳ ❊♥ ❡st❛ r❡❣✐ó♥✱ ❛❧ ✐❣✉❛❧ q✉❡ ❡♥ ❧❛ ❛❧t❛ ❝r♦♠ós❢❡r❛ ② ❧❛ ❝♦r♦♥❛✱ ❧♦s ❝❛♠♣♦s

♠❛❣♥ét✐❝♦s ❞♦♠✐♥❛♥ ❧❛ ❞✐♥á♠✐❝❛ ❞❡❧ ♣❧❛s♠❛ ✭β ≪ 1✮ ❛❞❡❝✉á♥❞♦s❡ ❛ ❧❛s ❝♦♥❞✐❝✐♦♥❡s ❞❡

✉♥ ❝❛♠♣♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛✳ ❊st❛ ❝♦♥❞✐❝✐ó♥ ❡s ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❡❧ ♠♦❞❡❧❛❞♦ ❞❡ ❧❛s ❧í♥❡❛s

❞❡ ❝❛♠♣♦ ❞❡ ❧❛s ❘❆s ❛ ♣❛rt✐r ❞❡ ♠❡❞✐❝✐♦♥❡s ❞❡ s✉ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ② ♦❜s❡r✈❛❝✐♦♥❡s ❞❡

s✉ ❡str✉❝t✉r❛ ❝♦r♦♥❛❧ ✭❡st♦s ♠♦❞❡❧♦s s❡ ❞❡s❝r✐❜❡♥ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✷✮✳

▲❛ ③♦♥❛ ❡①t❡r♥❛ ❞❡ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r r❡❝✐❜❡ ❡❧ ♥♦♠❜r❡ ❞❡ ❝♦r♦♥❛ ❞❡❜✐❞♦ ❛ s✉ ❢♦r♠❛

❡♥ ❧❛s ✐♠á❣❡♥❡s t♦♠❛❞❛s ❡♥ ❧✉③ ❜❧❛♥❝❛ ❞✉r❛♥t❡ ❡❝❧✐♣s❡s s♦❧❛r❡s✳ ❊♥ ❡s♦s ♠♦♠❡♥t♦s✱ s❡

♦❜s❡r✈❛ ❝♦♠♦ ✉♥ ❤❛❧♦ ❞❡ ❧✉③ ❜❧❛♥❝❛ t❡♥✉❡ ❣❡♥❡r❛❞♦ ♣♦r ❞✐s♣❡rs✐ó♥ ❞❡ ❚❤♦♠s♦♥ ❞❡ ❧❛

❧✉③ ❢♦t♦s❢ér✐❝❛ ❡♥ ❧♦s ❡❧❡❝tr♦♥❡s ❧✐❜r❡s ❞❡ ❧❛ ❝♦r♦♥❛✳ ❊s❛s ✐♠á❣❡♥❡s ♠✉❡str❛♥ ✉♥❛ ❝♦r♦♥❛

❋❡❜r❡r♦ ✷✵✶✼ ✶✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✶✳✷✳ ❊❙❚❘❯❈❚❯❘❆❙ ▼❆●◆➱❚■❈❆❙ ❙❖▲❆❘❊❙

❛❧t❛♠❡♥t❡ ❞✐♥á♠✐❝❛ ❡ ✐rr❡❣✉❧❛r✳ P♦r s✉ ❜❛❥❛ ❞❡♥s✐❞❛❞✱ ❧❛ ❝♦r♦♥❛ ❡s ó♣t✐❝❛♠❡♥t❡ ❞❡❧❣❛❞❛

❡♥ ❣r❛♥ ♣❛rt❡ ❞❡❧ ❡s♣❡❝tr♦ ❡❧❡❝tr♦♠❛❣♥ét✐❝♦✳ ❚❛♥t♦ ❧❛ r❡❣✐ó♥ ❞❡ tr❛♥s✐❝✐ó♥ ❝♦♠♦ ❧❛ ❝♦r♦♥❛

t✐❡♥❡♥ s✉ ♠á①✐♠♦ ❞❡ ❡♠✐s✐ó♥ ❡♥ ❡❧ r❛♥❣♦ ❞❡❧ ❊❯❱ ② ❞❡ ❧♦s r❛②♦s ❳✳ ❉❡❜✐❞♦ ❛ ❧❛ ❝♦♥❞✐❝✐ó♥

❞❡ ❝♦♥❣❡❧❛♠✐❡♥t♦ ② ❛ q✉❡ ❡❧ ❝❛♠♣♦ ❞♦♠✐♥❛✱ ❡❧ ♣❧❛s♠❛ ❡stá ♦❜❧✐❣❛❞♦ ❛ s❡❣✉✐r ❧❛s ❧í♥❡❛s

❞❡ ❝❛♠♣♦✱ ♣♦r ❡s♦ ❧❛ ❝♦r♦♥❛ ❡st❛ ❡str✉❝t✉r❛❞❛ ❡♥ ❢♦r♠❛ ❞❡ ❛r❝♦s✳ ❊❧ ♣❧❛s♠❛ ❛tr❛♣❛❞♦

❞❡♥tr♦ ❞❡ ❧❛s ❡str✉❝t✉r❛s ♠❛❣♥ét✐❝❛s ❡s ♠ás ❞❡♥s♦ ② ❝❛❧✐❡♥t❡ q✉❡ ❡♥ ❡❧ r❡st♦ ❞❡ ❧❛ ❝♦r♦♥❛

♣♦r ❧♦ q✉❡ ❡s ♣♦s✐❜❧❡ ❞✐st✐♥❣✉✐r❧♦s ❝❧❛r❛♠❡♥t❡ ❡♥ ✐♠á❣❡♥❡s ❡♥ ❊❯❱ ✭✈❡r ❋✐❣✉r❛ ✶✳✸✮✳ ❉❡

❡st❛ ♠❛♥❡r❛✱ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s tr❛③❛♥ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s

r❡❣✐♦♥❡s ❛❝t✐✈❛s✳

✶✳✷✳ ❊str✉❝t✉r❛s ♠❛❣♥ét✐❝❛s s♦❧❛r❡s

▲❛ ❛❝t✐✈✐❞❛❞ ❞❡❧ ❙♦❧ ❡s ❝♦♥s❡❝✉❡♥❝✐❛ ❞❡ ❧❛ ❞✐♥á♠✐❝❛ ❞❡ ❧♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡♥

❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳ ❙✐ ❜✐❡♥ ❧❛s ♣r✐♠❡r❛s ♦❜s❡r✈❛❝✐♦♥❡s ❞❡ ♠❛♥❝❤❛s s♦❧❛r❡s r❡❛❧✐③❛❞❛s ♣♦r

●❛❧✐❧❡♦ ❞❛t❛♥ ❞❡❧ ❝♦♠✐❡♥③♦ ❞❡❧ s✐❣❧♦ ❳❱■■✱ ❡❧ ♣r✐♠❡r ✈í♥❝✉❧♦ ❡♥tr❡ ❧❛s ♠❛♥❝❤❛s ② ❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ s♦❧❛r ❢✉❡ ♣r♦♣✉❡st♦ ❍❛❧❡ ✭✶✾✵✽✮✳ ❍❛st❛ ❡♥t♦♥❝❡s ❡❧ r❡❣✐str♦ ❞❡ ♠❛♥❝❤❛s s♦❧❛r❡s

❤❛❜í❛ ♣❡r♠✐t✐❞♦ ✐♥❢❡r✐r ✉♥ ❝♦♠♣♦rt❛♠✐❡♥t♦ ❝í❝❧✐❝♦ ❡♥ ❧❛ ❛♣❛r✐❝✐ó♥ ❞❡ ❡st❛s ❡str✉❝t✉r❛s

❞❡✜♥✐❡♥❞♦ ❛sí ❡❧ ❝✐❝❧♦ s♦❧❛r ✭✈❡r ❙❡❝❝✐ó♥ ✶✳✷✳✷✮✳

✶✳✷✳✶✳ ❘❡❣✐♦♥❡s ❛❝t✐✈❛s

▲❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ✭❘❆s✮ s♦♥ ❧❛ ♠❛♥✐❢❡st❛❝✐ó♥ ❞❡ ❡str✉❝t✉r❛s ♠❛❣♥ét✐❝❛s ❝♦❤❡r❡♥t❡s

② ❞❡ ❝❛♠♣♦ ✐♥t❡♥s♦ q✉❡ ❡♠❡r❣❡♥ ❞❡❧ ✐♥t❡r✐♦r s♦❧❛r✳ ❊❧ ❝❛♠♣♦ ❞❡ ❡st❛s r❡❣✐♦♥❡s ❛❧❝❛♥③❛

✐♥t❡♥s✐❞❛❞❡s ❞❡❧ ♦r❞❡♥ ❞❡ ❧♦s 4000 G✳ ▲❛ ❛♣❛r✐❝✐ó♥ ❞❡ ❧❛s ❘❆s ♦❝✉rr❡ ❞❡ ❢♦r♠❛ ❡s♣♦rá❞✐❝❛✱

t♦♠á♥❞♦❧❡s ❡♥tr❡ ✉♥❛s ❤♦r❛s ❛ ✉♥♦s ♣♦❝♦s ❞í❛s ❛❧❝❛♥③❛r s✉ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦✳ ▲❛

❡♠❡r❣❡♥❝✐❛ ❞❡ ❡st❛s ❡str✉❝t✉r❛s s❡ ❞❛ ❡♥ ❧♦s ❜♦r❞❡s ❞❡ ❧❛s ❝❡❧❞❛s ❝♦♥✈❡❝t✐✈❛s ❞❡ ❣r❛♥ ❡s❝❛❧❛

❝♦♥♦❝✐❞❛s ❝♦♠♦ s✉♣❡r❣rá♥✉❧♦s✳ ▲✉❡❣♦ ❞❡ ❛❧❝❛♥③❛r ❡❧ ✢✉❥♦ ♠á①✐♠♦✱ ❧❛ ♠✐s♠❛ ❝♦♥✈❡❝❝✐ó♥

❛rr❛str❛ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❞✐❢✉♥❞✐é♥❞♦❧♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✳ P✉❡❞❡♥ ♣❡r❞✉r❛r ❡♥ ❡❧ ❞✐s❝♦

s♦❧❛r ❞✉r❛♥t❡ ✉♥❛s ♣♦❝❛s s❡♠❛♥❛s ❤❛st❛ ✈❛r✐❛s r♦t❛❝✐♦♥❡s s♦❧❛r❡s ❞❡♣❡♥❞✐❡♥❞♦ ❞❡ ❧❛

❝❛♥t✐❞❛❞ ❞❡ ✢✉❥♦ q✉❡ ❡♠❡r❣✐ó✳ ❊❧ ✢✉❥♦ t♦t❛❧ ❞❡ ❧❛s ❘❆s ❡s ❞❡❧ ♦r❞❡♥ ❞❡ 1020 Mx ❡♥ ❧❛s

r❡❣✐♦♥❡s ♠ás ♣❡q✉❡ñ❛s ② ♣✉❡❞❡ ❛❧❝❛♥③❛r ✈❛❧♦r❡s > 1022 Mx ❡♥ r❡❣✐♦♥❡s ❣r❛♥❞❡s ✭✈❡r ✈❛♥

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✶ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❉r✐❡❧✲●❡s③t❡❧②✐ ✫ ●r❡❡♥✱ ✷✵✶✺✮✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✷ ❞❡s❝r✐❜✐♠♦s ❞❡ ♠❛♥❡r❛ ♠ás ❞❡t❛❧❧❛❞❛

❡❧ ♣r♦❝❡s♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❞❡ ✉♥❛ r❡❣✐ó♥ ❛❝t✐✈❛ ❜✐♣♦❧❛r✳

❈✉❛♥❞♦ s❡ ♦❜s❡r✈❛ ❡❧ ❞✐s❝♦ s♦❧❛r ❡♥ ❧✉③ ❜❧❛♥❝❛ s❡ ✈❡ q✉❡ ✉♥❛ ❘❆ ♣✉❡❞❡ ❡st❛r ❝♦♥st✐t✉✐✲

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

❊♥ ❣❡♥❡r❛❧✱ ❡st❛s ♠❛♥❝❤❛s t✐❡♥❞❡♥ ❛ ❛❣r✉♣❛rs❡ ❞❡ ❛ ♣❛r❡s✱ ✉♥❛ ❝♦♥ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣♦✲

s✐t✐✈♦ ❝♦♥ ❝❛♠♣♦ ❡♥ ❡❧ s❡♥t✐❞♦ s❛❧✐❡♥t❡ ❞❡❧ ✐♥t❡r✐♦r s♦❧❛r ② ♦tr❛ ❝♦♥ ✢✉❥♦ ♥❡❣❛t✐✈♦ q✉❡

❝♦rr❡s♣♦♥❞❡ ❛❧ ❝❛♠♣♦ ❡♥tr❛♥t❡✳ ❊st❛ ❝♦♥✜❣✉r❛❝✐ó♥ ❜✐♣♦❧❛r s✉❣✐❡r❡ q✉❡ s✉ ♦r✐❣❡♥ s❡ ❞❡❜❡

❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦s ✭❛r❝♦s Ω✮ ❝♦♥ s✉s ❜❛s❡s ❛♥❝❧❛❞❛s ❡♥ ❡❧ ✐♥t❡✲

r✐♦r s♦❧❛r ✭❙❝❤r✐❥✈❡r ✫ ❩✇❛❛♥✱ ✷✵✵✵✮✳ ▲♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ s✉❡❧❡♥ ✉❜✐❝❛r ❡❧ ♦r✐❣❡♥

❞❡ ❡st♦s t✉❜♦s ❡♥ ❧❛ t❛❝♦❝❧✐♥❛ ✭❋❛♥ ❡t ❛❧✳✱ ✶✾✾✹✮ ②❛ q✉❡✱ ❝♦♠♦ ♠❡♥❝✐♦♥❛♠♦s ❡♥ ❧❛ ❙❡❝✲

❝✐ó♥ ✶✳✶✳✶✱ ❧❛ r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧ ❡♥ ❡st❛ ③♦♥❛ ♣r♦❞✉❝❡ ✉♥❛ ❛❝✉♠✉❧❛❝✐ó♥ ② ❛♠♣❧✐✜❝❛❝✐ó♥

❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❊♥ ❧❛ ❙❡❝❝✐ó♥ ✶✳✷✳✸ ❞❡s❝r✐❜✐♠♦s ❝♦♥ ♠ás ❞❡t❛❧❧❡s ❡st❡ ♠❡❝❛♥✐s♠♦✳

▲❛ ✐♥t❡♥s✐❞❛❞ ② ❞✐r❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣✉❡❞❡ ♦❜t❡♥❡rs❡ ❛❧ ♠❡❞✐r ❡❧ ❞❡s❞♦❜❧❛✲

♠✐❡♥t♦ ♣♦r ❡❢❡❝t♦ ❩❡❡♠❛♥ ❞❡ ❧í♥❡❛s ❡s♣❡❝tr❛❧❡s ❡♥ ❡♠✐s✐ó♥ ❞❡ ❛❧❣ú♥ ❡❧❡♠❡♥t♦ ❢♦t♦s❢ér✐❝♦✳

▲❛ s❡♣❛r❛❝✐ó♥ ❞❡ ❧❛s ❧í♥❡❛s ❡s♣❡❝tr❛❧❡s ❡s ♣r♦♣♦r❝✐♦♥❛❧ ❛ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐✲

❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧✳ ❙✐♥ ❡♠❜❛r❣♦✱ ♣❛r❛ ♦❜t❡♥❡r ❧❛s ❝♦♠♣♦♥❡♥t❡s tr❛♥s✈❡rs❛❧❡s

❞❡❧ ❝❛♠♣♦ ❡s ♥❡❝❡s❛r✐♦ ❡st✉❞✐❛r ❡❧ ❡st❛❞♦ ❞❡ ♣♦❧❛r✐③❛❝✐ó♥ ❞❡ ❧❛ ❧✉③ ❡♠✐t✐❞❛ ❡♥ ❧❛ ❢♦tós✲

❢❡r❛ ② r❡❛❧✐③❛r ✉♥❛ ✐♥✈❡rs✐ó♥ ❞❡ ❧♦s ❝✉❛tr♦ ♣❛rá♠❡tr♦s ❞❡ ❙t♦❦❡s✳ ❊st❡ t✐♣♦ ❞❡ ♠❛♣❛s✱ ♦

♠❛❣♥❡t♦❣r❛♠❛s✱ r❡❝♦♥str✉②❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✶✳✹❜✱

♠♦str❛♠♦s ✉♥ ♠❛❣♥❡t♦❣r❛♠❛ ♦❜t❡♥✐❞♦ ❝♦♥ ❡❧ ❍❡❧✐♦s❡✐s♠✐❝ ❛♥❞ ▼❛❣♥❡t✐❝ ■♠❛❣❡r ✭❍▼■✮

❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛ ❘❆ ✶✶✾✹✹✳ ▲❛ ❡s❝❛❧❛ ❞❡ ❣r✐s❡s ❧✐♥❡❛❧ r❡♣r❡s❡♥t❛ ❧❛s ✐♥t❡♥s✐❞❛❞❡s ❞❡❧

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧✳ ❊♥ ❡❧ ♠✐s♠♦✱ s❡ ✐♥❞✐❝❛ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

s❛❧✐❡♥t❡ ❝♦♥ ❝♦❧♦r ❜❧❛♥❝♦ ② ❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡❧ ❝❛♠♣♦ ❡♥tr❛♥t❡ ❝♦♥ ♥❡❣r♦✳

❊❧ ❍▼■ ❡s ✉♥ ✐♥str✉♠❡♥t♦ ❞✐s❡ñ❛❞♦ ♣❛r❛ ❡st✉❞✐❛r ❧❛s ♦s❝✐❧❛❝✐♦♥❡s ② ❡❧ ❝❛♠♣♦ ♠❛❣♥é✲

t✐❝♦ ❡♥ ❧❛ s✉♣❡r✜❝✐❡ s♦❧❛r ✭❙❝❤❡rr❡r✱ ✷✵✵✷✮✳ ❊s ✉♥♦ ❞❡ ❧♦s tr❡s ✐♥str✉♠❡♥t♦s ❛ ❜♦r❞♦ ❞❡❧

❙♦❧❛r ❉②♥❛♠✐❝s ❖❜s❡r✈❛t♦r② ✭❙❉❖✮ ② t♦♠❛ ✐♠á❣❡♥❡s ❞❡❧ ❞✐s❝♦ ❝♦♠♣❧❡t♦ ❝♦♥ ✉♥❛ r❡s♦✲

❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ❞❡ ✶ s❡❣✉♥❞♦ ❞❡ ❛r❝♦✳ ❊❧ ❍▼■ ♣r♦✈❡❡ ❞❡ ❝✉❛tr♦ t✐♣♦s ❞❡ ❞❛t♦s✿ ♠❛♣❛s ❞❡

✈❡❧♦❝✐❞❛❞ ❞❡❧ ♣❧❛s♠❛ ❡♥ ❧❛ s✉♣❡r✜❝✐❡ ✭❞♦♣♣❧❡r❣r❛♠❛s✮✱ ✐♠á❣❡♥❡s ❡♥ ❡❧ ✈✐s✐❜❧❡ ✭❝♦♥t✐♥✉♦✮

② ♠❛♣❛s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✱ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ② tr❛♥s✈❡rs❛❧✳

❊st♦s ú❧t✐♠♦s s♦♥ ❝♦♥♦❝✐❞♦s ❝♦♠♦ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s ② ✈❡❝t♦r✐❛❧❡s✱ r❡s♣❡❝t✐✲

❋❡❜r❡r♦ ✷✵✶✼ ✶✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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(a)

(b)

(c)

❋✐❣✉r❛ ✶✳✹✿ ■♠á❣❡♥❡s ❞❡ ❧❛ ❘❆ ✶✶✾✹✹ t♦♠❛❞❛s ♣♦r ❙♦❧❛r ❉②♥❛♠✐❝s ❖❜s❡r✈❛t♦r② ✭❙❉❖✮✳✭❛✮

■♠❛❣❡♥ t♦♠❛❞❛ ❡♥ ❧✉③ ❜❧❛♥❝❛ ♣♦r ❡❧ ❍❡❧✐♦s❡✐s♠✐❝ ❛♥❞ ▼❛❣♥❡t✐❝ ■♠❛❣❡r ✭❍▼■✮✳ ✭❜✮ ▼❛❣✲

♥❡t♦❣r❛♠❛ ❧♦♥❣✐t✉❞✐♥❛❧ ♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ♦❜t❡♥✐❞♦ ♣♦r ❡❧ ❍▼■✳ ✭❝✮ ■♠❛❣❡♥

❡♥ ❊❯❱ t♦♠❛❞❛ ♣♦r ❡❧ ❆■❆ ❡♥ ✶✾✸ ➴✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✸ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

✈❛♠❡♥t❡✳

❊♥ ❧❛ ❝♦r♦♥❛✱ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s s❡ ♦❜s❡r✈❛♥ ❝♦♠♦ ③♦♥❛s ❞❡ ❝❛♠♣♦ ❝❡rr❛❞♦ q✉❡ ❢♦r✲

♠❛♥ ✉♥❛ ❡str✉❝t✉r❛ ❝♦♠♣❛❝t❛ ❞❡ ❛r❝♦s ♠❛❣♥ét✐❝♦s✳ ▲❛ ❛❧t❛ ❝♦♥❞✉❝t✐✈✐❞❛❞ ② ❞❡♥s✐❞❛❞

❞❡❧ ♣❧❛s♠❛ ❞❡ ❧❛ ❝♦r♦♥❛ ❝♦♥❞✐❝✐♦♥❛ ❡❧ ♠♦✈✐♠✐❡♥t♦ ❞❡❧ ♣❧❛s♠❛ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛s ❧í♥❡❛s

❞❡ ❝❛♠♣♦ ✭❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥❣❡❧❛♠✐❡♥t♦✮✳ ❊❧ ♣❧❛s♠❛ ❡♥ ❡st❛ ③♦♥❛ t✐❡♥❡ t❡♠♣❡r❛t✉r❛s s✉✲

♣❡r✐♦r❡s ❛ 106K✱ ♣♦r ❧♦ q✉❡ s❡ ❡♥❝✉❡♥tr❛ ❡♥ ❡♠✐s✐ó♥ ❡♥ ❡❧ r❛♥❣♦ ❞❡❧ ❊❯❱ tr❛③❛♥❞♦ ❧❛

❡str✉❝t✉r❛ ❞❡ ❛r❝♦s ♠❛❣♥ét✐❝♦s ❞❡ ❧❛ ❘❆✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✶✳✹❝ s❡ ✈❡ ❧❛ ❡str✉❝t✉r❛ ❞❡ ❛r❝♦s

❝♦r♦♥❛❧❡s ❞❡ ❧❛ ❘❆ ✶✶✾✹✹ ♦❜s❡r✈❛❞❛ ❡♥ 193➴✳ ▲❛ ✐♠❛❣❡♥ ❢✉❡ t♦♠❛❞❛ ♣♦r ❡❧ ❆t♠♦s♣❤❡r✐❝

■♠❛❣✐♥❣ ❆ss❡♠❜❧② ✭❆■❆✮ ❛ ❜♦r❞♦ ❞❡❧ ❙❉❖✳ ❆■❆ t♦♠❛ ✐♠á❣❡♥❡s ❞❡ ❧❛ ❝♦r♦♥❛ s♦❧❛r ✭❤❛st❛

∼ 1,3R⊙✮ ❡♥ ♠ú❧t✐♣❧❡s ❧♦♥❣✐t✉❞❡s ❞❡ ♦♥❞❛ ❞❡ ♠❛♥❡r❛ ❝❛s✐ s✐♠✉❧tá♥❡❛ ❝♦♥ ✉♥❛ r❡s♦❧✉❝✐ó♥

❞❡ ✶ s❡❣✉♥❞♦ ❞❡ ❛r❝♦ ② ❝❛❞❡♥❝✐❛ ❞❡ ✶✵ s❡❣✉♥❞♦s ✭▲❡♠❡♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳

▲❛ ❝♦♥t✐♥✉❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❛ tr❛✈és ❞❡ ❧❛ ❢♦tós❢❡r❛ ✐♥tr♦❞✉❝❡ ✉♥❛

❣r❛♥ ❝❛♥t✐❞❛❞ ❞❡ ❡♥❡r❣í❛ ♠❛❣♥ét✐❝❛ ❛ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳ ▲❛ ✐♥t❡r❛❝❝✐ó♥ ❡♥tr❡ ❡str✉❝t✉✲

r❛s ♠❛❣♥ét✐❝❛s ❡♠❡r❣❡♥t❡s ❧❧❡✈❛ ❛ r❡♣❡♥t✐♥♦s ❡✈❡♥t♦s ❞❡ ❧✐❜❡r❛❝✐ó♥ ❞❡ ❡♥❡r❣í❛ ❝♦♥♦❝✐❞♦s

❝♦♠♦ ❢✉❧❣✉r❛❝✐♦♥❡s ② ❡②❡❝❝✐♦♥❡s ❝♦r♦♥❛❧❡s ❞❡ ♠❛s❛ ✭❊❈▼✮ ✭❏✐❛♥❣ ❡t ❛❧✳✱ ✷✵✵✼❀ ❙t❡r❧✐♥❣

✫ ▼♦♦r❡✱ ✷✵✵✺✮✳ ▲❛ ❡♥❡r❣í❛ ♠❛❣♥ét✐❝❛ ❡s tr❛♥s❢♦r♠❛❞❛ ❡♥ ❝✐♥ét✐❝❛ ② tér♠✐❝❛ ♣♦r ♠❡❞✐♦

❞❡ ✉♥ ♣r♦❝❡s♦ ❞❡ r❡❝♦♥❡①✐ó♥✳ ▲❛s ❢✉❧❣✉r❛❝✐♦♥❡s s♦♥ ❧♦s ❡✈❡♥t♦s ♠ás ✈✐♦❧❡♥t♦s ❞❡❧ s✐st❡♠❛

s♦❧❛r✱ ❝♦♥ ✉♥ r❛♥❣♦ ❞❡ ❡♥❡r❣í❛s ❡♥tr❡ 1029 ② 1033 erg✱ ② t❡♠♣❡r❛t✉r❛s ❞❡❧ ♦r❞❡♥ ❞❡ 107K

✭❚❛♥❞❜❡r❣✲❍❛♥ss❡♥ ✫ ❊♠s❧✐❡✱ ✶✾✽✽✮✳

✶✳✷✳✷✳ ❈✐❝❧♦ s♦❧❛r

❊♥ ✶✽✹✸✱ ❍✳ ❙❝❤✇❛❜❡ ✐❞❡♥t✐✜❝ó ✉♥ ❝✐❝❧♦ ❞❡ ✈❛r✐❛❝✐ó♥ ❡♥ ❡❧ ♥ú♠❡r♦ ❞❡ ♠❛♥❝❤❛s ❞❡ ∼ 11

❛ñ♦s ✭❙❝❤✇❛❜❡✱ ✶✽✹✹✮✳ ❊♥ ✶✽✹✾✱ ❘✳ ❲♦❧❢ ❝♦♠❡♥③ó ❛ t❛❜✉❧❛r ❞✐❛r✐❛♠❡♥t❡ ❡❧ ♥ú♠❡r♦ ❞❡

♠❛♥❝❤❛s ♦❜s❡r✈❛❞❛s ② r❡❝♦♥str✉②ó ❡❧ ❝♦♠♣♦rt❛♠✐❡♥t♦ ❞❡ ❧❛s ♠❛♥❝❤❛s ❞❡s❞❡ ❡❧ ❝♦♠✐❡♥③♦

❞❡❧ s✐❣❧♦ ❳❱■■✳ ❉❡s❞❡ ❡♥t♦♥❝❡s✱ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ ♥ú♠❡r♦ ❞❡ ♠❛♥❝❤❛s s❡ ❤❛ ✐♥❞✐❝❛❞♦ ✉s❛♥✲

❞♦ ❡❧ í♥❞✐❝❡ ❞❡ ❲♦❧❢✳ ❊st❡ í♥❞✐❝❡ ❡s ❞❡ ✉t✐❧✐❞❛❞ ❡♥ ♠✉❝❤♦s ❡st✉❞✐♦s ❞❡ ❧❛ ❛❝t✐✈✐❞❛❞ s♦❧❛r✱

❞❡❜✐❞♦ ❛ q✉❡ ❡s ❡❧ ú♥✐❝♦ r❡❣✐str♦ q✉❡ ❝✉❜r❡ ♠ás ❞❡ ✷✵✵ ❛ñ♦s ❝♦♥ ❞❛t♦s ❝♦♥s✐st❡♥t❡s ✭❍❛t✲

❤❛✇❛②✱ ✷✵✶✵❀ ❍❛t❤❛✇❛② ✫ ❲✐❧s♦♥✱ ✷✵✵✹✮✳ ❉❛❞❛ ❧❛ r❡❧❡✈❛♥❝✐❛ ❞❡ ❡st❡ í♥❞✐❝❡ ❞❡ ❛❝t✐✈✐❞❛❞✱

r❡❝✐❡♥t❡♠❡♥t❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ ♥ú♠❡r♦ ❞❡ ♠❛♥❝❤❛s ❤❛ s✐❞♦ r❡✈✐s❛❞❛✱ ❞❛♥❞♦ ❧✉❣❛r ❛ ✉♥❛

r❡❝❛❧✐❜r❛❝✐ó♥ ✭✈❡r ❈❧❡tt❡ ❡t ❛❧✳✱ ✷✵✶✻✱ ② ❝✐t❛s ❛❧❧í ♠❡♥❝✐♦♥❛❞❛s✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❋✐❣✉r❛ ✶✳✺✿ ❉✐❛❣r❛♠❛ ❞❡ ♠❛r✐♣♦s❛ ✭❆rr✐❜❛✮ ② r❡❣✐str♦ ❞❡❧ ♥ú♠❡r♦ ❞❡ ♠❛♥❝❤❛s s♦❧❛r❡s ❛

❧♦ ❧❛r❣♦ ❞❡ ✶✷✺ ❛ñ♦s ✭❆❜❛❥♦✮ ✭❍❛t❤❛✇❛②✱ ✷✵✶✵✮✳

❆❧ ❡st✉❞✐❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ❝✐❝❧♦ s♦❧❛r✱ s❡ ❞❡s❝✉❜r❡♥ ❛❧❣✉♥❛s ❝❛r❛❝t❡ríst✐❝❛s ✐♠♣♦r✲

t❛♥t❡s r❡❧❛❝✐♦♥❛❞❛s ❝♦♥ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❊♥ ♣r✐♠❡r ❧✉❣❛r✱ s❡ ✈❡ q✉❡ ❧❛s ❘❆s

s❡ ❡♥❝✉❡♥tr❛♥ ❝♦♥✜♥❛❞❛s ❡♥ ❞♦s ❝✐♥t✉r♦♥❡s ❧❛t✐t✉❞✐♥❛❧❡s q✉❡ s❡ ❡①t✐❡♥❞❡♥ ❤❛st❛ ∼ 35

❣r❛❞♦s ❞❡ ❧❛t✐t✉❞ ❤❛❝✐❛ ❛♠❜♦s ❧❛❞♦s ❞❡❧ ❡❝✉❛❞♦r s♦❧❛r✳ ▲❛s ♣r✐♠❡r❛s ❘❆s ❞❡❧ ❝✐❝❧♦ ❛♣❛✲

r❡❝❡♥ ❡♥ ❧❛t✐t✉❞❡s r❡❧❛t✐✈❛♠❡♥t❡ ❛❧t❛s ② ❛ ♠❡❞✐❞❛ q✉❡ ❛✈❛♥③❛ ❡❧ ❝✐❝❧♦ t✐❡♥❞❡♥ ❛ ❢♦r♠❛rs❡

♣r♦❣r❡s✐✈❛♠❡♥t❡ ❡♥ ❧❛t✐t✉❞❡s ❝❛❞❛ ✈❡③ ♠❡♥♦r❡s✱ ❞❡ t❛❧ ♠❛♥❡r❛ q✉❡ ❧❛s ú❧t✐♠❛s ❘❆s ❞❡❧

❝✐❝❧♦ ❡♠❡r❣❡♥ ♠✉② ❝❡r❝❛♥❛s ❛❧ ❡❝✉❛❞♦r s♦❧❛r✳ ❊❧ ❞✐❛❣r❛♠❛ ❞❡ ▼❛✉♥❞❡r✱ ❧❧❛♠❛❞♦ t❛♠✲

❜✐é♥ ❞✐❛❣r❛♠❛ ❞❡ ♠❛r✐♣♦s❛✱ r❡♣r❡s❡♥t❛ ❧❛ ❧❛t✐t✉❞ ❞❡ ❧❛s ❘❆s ❡♥ ❢✉♥❝✐ó♥ ❞❡❧ t✐❡♠♣♦ ✭✈❡r

❋✐❣✉r❛ ✶✳✺✮✳

❙❡✐s ❛ñ♦s ❞❡s♣✉és ❞❡❧ ❞❡s❝✉❜r✐♠✐❡♥t♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛s ♠❛♥❝❤❛s✱ ❍❛❧❡ ❡t ❛❧✳

✭✶✾✶✾✮ ❞❡s❝r✐❜✐❡r♦♥ ❧❛ r❡❣❧❛ ❞❡ ❞✐str✐❜✉❝✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞❡s ❝♦♥♦❝✐❞❛ ❝♦♠♦ ❧❡② ❞❡ ❍❛❧❡

❛ ♣❛rt✐r ❞❡❧ s✐❣♥♦ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s✳ ❆ ❧♦

❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r ♦❜s❡r✈❛r♦♥ q✉❡ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛ ♠❛♥❝❤❛s s♦❧❛r❡s ♣r❡❝❡❞❡♥t❡s

✭♦ ❛❞❡❧❛♥t❛❞❛s r❡s♣❡❝t♦ ❛ ❧❛ r♦t❛❝✐ó♥ s♦❧❛r✮ ❞❡ ❧❛s ❘❆s ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ ♥♦rt❡ ♣♦s❡í❛♥

❧❛ ♠✐s♠❛ ♣♦❧❛r✐❞❛❞✱ ♠✐❡♥tr❛s q✉❡ ❧❛s ❞❡❧ ❤❡♠✐s❢❡r✐♦ s✉r t❡♥í❛♥ ❧❛ ♣♦❧❛r✐❞❛❞ ♦♣✉❡st❛✳

❉✉r❛♥t❡ ❡❧ s✐❣✉✐❡♥t❡ ❝✐❝❧♦ s♦❧❛r✱ t♦❞❛s ❧❛s ♣♦❧❛r✐❞❛❞❡s s❡ r❡✈✐rt✐❡r♦♥ ❥✉♥t♦ ❝♦♥ ❧❛ ✐♥✈❡rs✐ó♥

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✺ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❞❡ ❧♦s ♣♦❧♦s ♠❛❣♥ét✐❝♦s✳ P♦r ❧♦ t❛♥t♦✱ ❡❧ ♣❡rí♦❞♦ ❞❡ ❛❝t✐✈✐❞❛❞ ♠❛❣♥ét✐❝❛ ❡s ❡❧ ❞♦❜❧❡ q✉❡

❡❧ ❝✐❝❧♦ s♦❧❛r✱ ♦ s❡❛✱ ∼ 22 ❛ñ♦s✳

P♦r ♦tr❛ ♣❛rt❡✱ ❡♥ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ❜✐♣♦❧❛r❡s✱ ❛ ♣❛rt✐r ❞❡❧ s❡❣♠❡♥t♦ ✐♠❛❣✐♥❛r✐♦

q✉❡ ✉♥❡ ❧♦s ❝❡♥tr♦s ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ ② ❧❛ s✐❣✉✐❡♥t❡✱ s❡ ♣✉❡❞❡ ❞❡✜♥✐r ❡❧ á♥❣✉❧♦

❞❡ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ r❡s♣❡❝t♦ ❞❡❧ ❡❝✉❛❞♦r ❝♦♠♦ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳ ❊♥ ❣❡♥❡r❛❧✱ ❧❛

❞✐r❡❝❝✐ó♥ ❞❡ ❡st❡ s❡❣♠❡♥t♦ s❡ ❛❧❡❥❛ ❧❡✈❡♠❡♥t❡ ❞❡ ❧❛ ♦r✐❡♥t❛❝✐ó♥ r❡❣✉❧❛r ❡st❡✲♦❡st❡ ❞❡

♠♦❞♦ q✉❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ t✐❡♥❞❡ ❛ ❡st❛r ♠ás ♣ró①✐♠❛ ❛❧ ❡❝✉❛❞♦r ✭❇r✉♥♥❡r✱

✶✾✸✵✮✳ ❊st❡ ❝♦♠♣♦rt❛♠✐❡♥t♦ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t s❡ ❝♦♥♦❝❡ ❝♦♠♦ ❧❛ ❧❡② ❞❡ ❏♦②✳ ❊①✐st❡♥

r❡❣✐♦♥❡s ♣❡❝✉❧✐❛r❡s ❝♦♥ ♠✉❧t✐♣❧❡s ♣♦❧❛r✐❞❛❞❡s ♠❛❣♥ét✐❝❛s ♦ ❝♦♥ ✉♥❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦

❢♦t♦s❢ér✐❝♦ ✐♥✉s✉❛❧ ❛ ❧❛ ❡s♣❡r❛❞❛ ❞❡ ❛❝✉❡r❞♦ ❝♦♥ ❡st❛ ❧❡②✳ ❊st❛s ❘❆s ♣❡❝✉❧✐❛r❡s s❡ ❛s♦❝✐❛♥

❛ t✉❜♦s ❞❡ ✢✉❥♦ q✉❡ s✉❢r✐❡r♦♥ ✉♥❛ ✐♠♣♦rt❛♥t❡ ❞✐st♦rs✐ó♥ r❡s♣❡❝t♦ ❞❡ ❧❛ ❢♦r♠❛ ✉s✉❛❧ ❞❡

✉♥ t✉❜♦ ♣r♦✈❡♥✐❡♥t❡ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ s✉❜❢♦t♦s❢ér✐❝♦✳ ❊st❛ ❞❡❢♦r♠❛❝✐ó♥ ♣✉❡❞❡ ❡st❛r

❛s♦❝✐❛❞❛ ❛ ❧♦s ♠♦✈✐♠✐❡♥t♦s t✉r❜✉❧❡♥t♦s ❞❡❧ ♣❧❛s♠❛ ❡♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ♦ ❛❧ ❞❡s❛rr♦❧❧♦

❞❡ ✐♥❡st❛❜✐❧✐❞❛❞❡s ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡ ❞❛ ♦r✐❣❡♥ ❛ ❧❛ ❘❆✳ ▲♦s ❡❢❡❝t♦s

❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❘❆s s❡ ♣r❡s❡♥t❛ ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✷✳

❉❡s❞❡ ❧❛s ♣r✐♠❡r❛s ♦❜s❡r✈❛❝✐♦♥❡s ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t r❡❛❧✐③❛❞❛s ♣♦r ❈❛rr✐♥❣t♦♥ ✭✶✽✻✸✮ ②

❙♣ör❡r ✭✶✽✻✶✲✶✽✾✸✮ ❤❛ ❤❛❜✐❞♦ ✉♥ ❡s❢✉❡r③♦ ❝r❡❝✐❡♥t❡ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❧❛ ✈❛r✐❛❝✐ó♥ ❡s♣❛❝✐❛❧

❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✭❡♥ ♣❛rt✐❝✉❧❛r ❝♦♥ ❧❛ ❧❛t✐t✉❞ ❤❡❧✐♦❣rá✜❝❛✱ ❍♦✇❛r❞✱ ✶✾✾✶❀ ❙t❡♥✢♦ ✫

❑♦s♦✈✐❝❤❡✈✱ ✷✵✶✷❀ ❚❛♥❣ ✫ ❲❛♥❣✱ ✶✾✾✶❀ ❚❧❛t♦✈ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧♦s r❡s✉❧t❛❞♦s

❞❡ ❡st♦s ❡st✉❞✐♦s ♣r❡s❡♥t❛♥ ✉♥❛ ❣r❛♥ ❞✐s♣❡rs✐ó♥ ② ✈❛r✐❛❜✐❧✐❞❛❞ ❞❡❧ t✐❧t ✳ ❉❡ ❡①✐st✐r ✉♥❛

❞❡♣❡♥❞❡♥❝✐❛ ❡s♣❛❝✐❛❧ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡❧ t✐❧t ❢♦t♦s❢ér✐❝♦✱ s✉ ❝♦♥♦❝✐♠✐❡♥t♦ ❛♣♦rt❛rí❛

✐♥❢♦r♠❛❝✐ó♥ ✐♠♣♦rt❛♥t❡ s♦❜r❡ ❡❧ ♦r✐❣❡♥ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❡♥ ❧❛ ❜❛s❡ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛

✭❉✬❙✐❧✈❛ ✫ ❈❤♦✉❞❤✉r✐✱ ✶✾✾✸✮ ② t❛♠❜✐é♥ s♦❜r❡ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❢✉❡r③❛ ❞❡ ❈♦r✐♦❧✐s ❞✉r❛♥t❡

❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❛ tr❛✈és ❞❡ ❧❛ ♠✐s♠❛ ✭❋❛♥✱ ✷✵✵✾✮✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✻

❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❞✐s♣❡rs✐ó♥ ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡❜✐❞♦ ❛ ❧❛

t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❧♦❝❛❧ ❞❡ ❧❛s ❘❆s✳

✶✳✷✳✸✳ ❖r✐❣❡♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s♦❧❛r

❊❧ ❞í♥❛♠♦ s♦❧❛r ❡s ✉♥❛ s✉♠❛ ❞❡ ♣r♦❝❡s♦s ❝♦♠♣❧❡❥♦s q✉❡✱ ✜♥❛❧♠❡♥t❡✱ ❞❛♥ ❧✉❣❛r ❛ ❧♦s

❢❡♥ó♠❡♥♦s ♦❜s❡r✈❛❞♦s ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳ ❊❧ ♠♦❞❡❧♦ ❞❡❧ ❞í♥❛♠♦ ❞❡❜❡ ❡①♣❧✐❝❛r tr❡s

❋❡❜r❡r♦ ✷✵✶✼ ✶✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✶✳✷✳ ❊❙❚❘❯❈❚❯❘❆❙ ▼❆●◆➱❚■❈❆❙ ❙❖▲❆❘❊❙

♣r♦❝❡s♦s ❡s❡♥❝✐❛❧❡s✿ ✭✶✮ ❣❡♥❡r❛❝✐ó♥ ② ❛♠♣❧✐✜❝❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ✭✷✮ ❡♠❡r❣❡♥❝✐❛

❞❡❧ ❝❛♠♣♦ ❤❛st❛ ❧❛ ❛t♠ós❢❡r❛ ② ✭✸✮ ❧❛ ❞✐❢✉s✐ó♥ ② ❞✐s✐♣❛❝✐ó♥ ❞❡❧ ✢✉❥♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✳ ❆

♣❛rt✐r ❞❡ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ❞❡ ❧❛ t♦♣♦❧♦❣í❛ ❞❡❧ ❝❛♠♣♦ ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✱ ❧♦s ♠♦❞❡❧♦s

❞❡ ❞í♥❛♠♦ ✉s❛♥ ❧❛ s✉♠❛ ❞❡ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♣❛r❛ t❡♥❡r ✉♥❛ ❞❡s❝r✐♣❝✐ó♥ ❣❧♦❜❛❧ ② ❣❡♥❡r❛❧

❞❡❧ ♠✐s♠♦✿ ✉♥❛ ❝♦♠♣♦♥❡♥t❡ ♣♦❧♦✐❞❛❧ ❞❡✜♥✐❞❛ ♣♦r ❡❧ ❝❛♠♣♦ ❞❡ ✉♥ ❞✐♣♦❧♦ ❝❡♥tr❛❞♦ ❛ ❧♦

❧❛r❣♦ ❞❡❧ ❡❥❡ ❞❡ r♦t❛❝✐ó♥ ❞❡❧ s♦❧ ② ♦tr❛ ❝♦♠♣♦♥❡♥t❡ t♦r♦✐❞❛❧✱ ♦ ❛③✐♠✉t❛❧✱ ✈✐♥❝✉❧❛❞❛ ❝♦♥ ❧❛

❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❡♥ ❧❛s r❡❣✐♦♥❡s ❝❡r❝❛♥❛s ❛❧ ❡❝✉❛❞♦r s♦❧❛r✳

❊❧ ♠♦❞❡❧♦ ❝♦♥❝❡♣t✉❛❧ ❞❡ ❇❛❜❝♦❝❦ ✭✶✾✻✶✮ s❡ ❜❛s❛ ❡♥ ❧❛ ❞❡s❝r✐♣❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢é✲

r✐❝♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ ❞❡ ∼ 22 ❛ñ♦s✳ ▲❛ ♣r✐♠❡r ❢❛s❡ ❞❡❧ ❝✐❝❧♦ ❝♦♥s✐st❡ ❡♥ ❧❛ ♣r❡s❡♥❝✐❛

❞❡ ✉♥ ❝❛♠♣♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦❧♦✐❞❛❧ ② s✐♠étr✐❝♦ r❡s♣❡❝t♦ ❞❡❧ ❡❥❡ ❞❡ r♦t❛❝✐ó♥ s♦❧❛r ✭❋✐✲

❣✉r❛ ✶✳✻❛✮✳ ❊♥ ❡st❛ ❢❛s❡ ❡❧ ❝❛♠♣♦ s❡ ❧♦❝❛❧✐③❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❡♥ ❧♦s ❝❛sq✉❡t❡s ♣♦❧❛r❡s✳ ❊❧

❝❛♠♣♦ ❡♥ ❧❛t✐t✉❞❡s ♠❡♥♦r❡s ❝♦rr❡s♣♦♥❞❡ ❛ r❡❣✐♦♥❡s ❡❢í♠❡r❛s ② ❞✐str✐❜✉❝✐♦♥❡s ❞❡ ❝❛♠♣♦

❞✐s♣❡rs♦ r❡♠❛♥❡♥t❡s ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❞❡❧ ❝✐❝❧♦ ❛♥t❡r✐♦r✳

❊♥ ❧❛ s❡❣✉♥❞❛ ❢❛s❡✱ ❡❧ ❝❛♠♣♦ ♣♦❧♦✐❞❛❧ ❡s ❛rr❛str❛❞♦ ♣♦r ❧❛ r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧ ❞❡❧

♣❧❛s♠❛ ❡♥ ❧❛ ❜❛s❡ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✱ tr❛♥s❢♦r♠á♥❞♦❧♦ ❡♥ ✉♥ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❝♦♥t❡♥✐❞♦

❛ ❧♦ ❧❛r❣♦ ❞❡ ❧♦s ❝✐♥t✉r♦♥❡s ❧❛t✐t✉❞✐♥❛❧❡s ✭❋✐❣✉r❛ ✶✳✻❛✮✳ ❊st❡ ♣r♦❝❡s♦✱ ❝♦♥♦❝✐❞♦ ❝♦♠♦ ❡❧

❡❢❡❝t♦ Ω✱ ♣r♦❞✉❝❡ ✉♥ ❡st✐r❛♠✐❡♥t♦ ② ❛❝✉♠✉❧❛❝✐ó♥ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❡♥ ❧❛ t❛❝♦❝❧✐♥❛✱

❢♦r♠❛♥❞♦ ✐♥t❡♥s❛s ❧á♠✐♥❛s ❞❡ ❝♦rr✐❡♥t❡s✳ ▲❛s ✐♥❡st❛❜✐❧✐❞❛❞❡s ❞❡❧ ♣❧❛s♠❛ ❡♥ ❡st❛ r❡❣✐ó♥

❞❛♥ ♦r✐❣❡♥ ❛ t✉❜♦s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦s q✉❡ ❧✉❡❣♦ ❡♠❡r❣❡♥ ❤❛❝✐❛ ❧❛ s✉♣❡r✜❝✐❡ ♣♦r ❡❢❡❝t♦

❞❡ ✢♦t❛❝✐ó♥ ♠❛❣♥ét✐❝❛✳ ❊♥ ❡st❛ ❢❛s❡ ❡s ❝✉❛♥❞♦ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ❜✐♣♦❧❛r❡s ❛♣❛r❡❝❡♥ ❡♥

❡❧ ❝✐❝❧♦ ❝♦♠♦ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s Ω ✭❋✐❣✉r❛ ✶✳✻❝✮✳ ❊st♦s t✉❜♦s s♦♥ ❞❡❢♦r♠❛❞♦s ♣♦r

❧♦s ❡♠❜❛t❡s ❞❡ ❧♦s ✢✉❥♦s ❝♦♥✈❡❝t✐✈♦s ② ♣♦r ❡❧ ♣❡r✜❧ ✈❛r✐❛❜❧❡ ❞❡ r♦t❛❝✐ó♥ ❛ ♠❡❞✐❞❛ q✉❡

❛tr❛✈✐❡s❛♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✳ ❊❧ ♠❡❝❛♥✐s♠♦ ♣♦r ❡❧ ❝✉❛❧ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛❞q✉✐❡r❡

t♦rs✐ó♥ s❡ ❝♦♥♦❝❡ ❝♦♠♦ ❡❧ ❡❢❡❝t♦ α✳ ❈♦♠♦ ✈❡r❡♠♦s ♠ás ❛❞❡❧❛♥t❡✱ ✈❛r✐♦s ♠♦❞❡❧♦s ❞❡ ❞í♥❛♠♦

✐♥❝♦r♣♦r❛♥ ❡st❡ ♠❡❝❛♥✐s♠♦✱ ❛❧ ✐❣✉❛❧ q✉❡ ❡❧ ✢✉❥♦ ♠❡r✐❞✐♦♥❛❧✱ ♣❛r❛ ❡①♣❧✐❝❛r ❧❛ ❛♠♣❧✐✜❝❛❝✐ó♥

❞❡❧ ❝❛♠♣♦ ♣♦❧♦✐❞❛❧✳

❉❡❜✐❞♦ ❛ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ q✉❡ ❡①✐st❡ ❡♥tr❡ ❧❛ ❧❛t✐t✉❞ ② ❧❛ r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧✱ ❡❧ ♣r♦❝❡s♦

❞❡ ✐♥t❡♥s✐✜❝❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ ♦❝✉rr❡ ♠ás rá♣✐❞♦ ❛ ❧❛t✐t✉❞❡s ❛❧t❛s✱ s✐❡♥❞♦ ❝♦♠♣❛t✐✲

❜❧❡ ❝♦♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ❝✐❝❧♦ s♦❧❛r✳ ▲❛s ♦❜s❡r✈❛❝✐♦♥❡s ♠✉❡str❛♥ q✉❡ ❧❛s r❡❣✐♦♥❡s ❛♣❛r❡❝❡♥

❡♥ ❧❛t✐t✉❞❡s ❛❧t❛s ❛❧ ❝♦♠✐❡♥③♦ ❞❡❧ ♠á①✐♠♦ ♣❛r❛ ❧✉❡❣♦ ❡♠❡r❣❡r ♠ás ❝❡r❝❛♥❛s ❛❧ ❡❝✉❛❞♦r

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✼ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❋✐❣✉r❛ ✶✳✻✿ ❊sq✉❡♠❛ ❞❡ ❧❛s ❢❛s❡s ❞❡❧ ♠♦❞❡❧♦ ❞❡ ❇❛❜❝♦❝❦✲▲❡✐❣❤t♦♥ ❞❡❧ ❞í♥❛♠♦ s♦❧❛r✳

❤❛❝✐❛ ❡❧ ✜♥❛❧ ❞❡❧ ❝✐❝❧♦ ✭❋✐❣✉r❛ ✶✳✻❜✮✳ ❆❞❡♠ás✱ ❡st❡ ♠♦❞❡❧♦ ❞❡s❝r✐❜❡ ❝♦rr❡❝t❛♠❡♥t❡ ❧❛ ❧❡②

❞❡ ❍❛❧❡✱ ②❛ q✉❡ ❡❧ s❡♥t✐❞♦ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❡s ♦♣✉❡st♦ ❡♥ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦ ② ❣❡♥❡r❛ ✉♥❛

♣r❡❢❡r❡♥❝✐❛ ❡♥ ❡❧ s✐❣♥♦ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ ❞❡ ❧❛s ❘❆s ❞❡ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦✳

❊♥ ✉♥❛ t❡r❝❡r❛ ❢❛s❡ s❡ ♣r♦❞✉❝❡ ❧❛ ❝❛♥❝❡❧❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ ② ❧❛ ✐♥✈❡rs✐ó♥ ❞❡❧

❝❛♠♣♦ ♣♦❧♦✐❞❛❧ ❞❡❜✐❞♦ ❛ ❧❛ ♠✐❣r❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s r❡❣✐♦♥❡s ♠❛❣♥ét✐❝❛s

❤❛❝✐❛ ❡❧ ❡❝✉❛❞♦r ② ❤❛❝✐❛ ❧♦s ♣♦❧♦s✳ ❊s ❞❡❝✐r✱ ❞❛❞♦ q✉❡ ❡♥ ❧❛s ❘❆s ❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡

❡♠❡r❣❡ ♠ás ❝❡r❝❛♥❛ ❛❧ ❡❝✉❛❞♦r s♦❧❛r q✉❡ ❧❛ s✐❣✉✐❡♥t❡✱ ❛ ♠❡❞✐❞❛ q✉❡ ❡❧ ❝✐❝❧♦ ❛✈❛♥③❛✱ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ❞❡ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♠✐❣r❛ ❤❛❝✐❛ ❡❧ ❡❝✉❛❞♦r ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞

♣r❡❝❡❞❡♥t❡ ② ❛ ❧♦s ♣♦❧♦s ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧❛ s✐❣✉✐❡♥t❡✳ ❈✉❛♥❞♦ ❞♦s ❝♦♥❝❡♥tr❛❝✐♦♥❡s ❞❡ ✢✉❥♦

♠❛❣♥ét✐❝♦ ♦♣✉❡st❛s ② ❞❡ ✐❣✉❛❧ ✐♥t❡♥s✐❞❛❞ s❡ ✉♥❡♥✱ s❡ ♣r♦❞✉❝❡ ✉♥❛ ❝❛♥❝❡❧❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦

❡♥ ❡s❛s ③♦♥❛s✳ ❊♥ ❧♦s ♣♦❧♦s✱ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s s✐❣✉✐❡♥t❡s ❞❡ ❧❛s r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s

♠✐❣r❛ ❤❛st❛ ❝❛♥❝❡❧❛r ② r❡❡♠♣❧❛③❛r ❡❧ ❝❛♠♣♦ ♣♦❧♦✐❞❛❧ ♣r❡❡①✐st❡♥t❡✳ ▲❛ ♠✐❣r❛❝✐ó♥ ❞❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ♣r❡❞✐❝❤❛ ♣♦r ❡❧ ♠♦❞❡❧♦ ❞❡❜❡ s❡r ❝♦♥s✐st❡♥t❡ ❝♦♥ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♣r♦♠❡❞✐♦

♦❜s❡r✈❛❞♦ ❞❡ ❛❝✉❡r❞♦ ❛ ❧❛ ❧❡② ❞❡ ❏♦②✳

❊♥ ✶✾✻✾✱ ▲❡✐❣❤t♦♥ ✐♥❝♦r♣♦ró ❛❧ ♠♦❞❡❧♦ ✉♥ ❛♥á❧✐s✐s s❡♠✐❡♠♣ír✐❝♦ ❞❡❧ tr❛♥s♣♦rt❡ ❞❡ ✢✉❥♦

❋❡❜r❡r♦ ✷✵✶✼ ✶✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✶✳✷✳ ❊❙❚❘❯❈❚❯❘❆❙ ▼❆●◆➱❚■❈❆❙ ❙❖▲❆❘❊❙

❤❛❝✐❛ ❧♦s ♣♦❧♦s ❝♦♠❜✐♥❛♥❞♦ ❡❢❡❝t♦s ❞❡ ❞✐s♣❡rs✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ② ❡❧

t✐❧t r❡s♣❡❝t♦ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ r♦t❛❝✐ó♥✳ ▼♦❞❡❧ó ❧❛ ❞✐s♣❡rs✐ó♥ ❞❡ ❧♦s ❡❧❡♠❡♥t♦s ♠❛❣♥ét✐❝♦s

❝♦♠♦ ❡❢❡❝t♦ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧♦s s✉♣❡r❣rá♥✉❧♦s✳ ❊st❡ ♠♦❞❡❧♦ s❡ ❜❛s❛ ❡♥ s✉♣♦s✐❝✐♦♥❡s

② ♣❛rá♠❡tr♦s ❞❡❞✉❝✐❞♦s ❞✐r❡❝t❛♠❡♥t❡ ❞❡ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s✳ ▲❛ ✐♥❝♦r♣♦r❛❝✐ó♥ ❞❡ ✢✉❥♦s

♠❡r✐❞✐♦♥❛❧❡s ✭✐♥❞✐❝❛❞♦s ❝♦♥ ❛♠❛r✐❧❧♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✶✳✻❡✮ ❡s ✉♥ ❡❧❡♠❡♥t♦ ✐♠♣♦rt❛♥t❡ ❡♥ ❧♦s

♠♦❞❡❧♦s ❞❡ ❞í♥❛♠♦ t✐♣♦ ❇❛❜❝♦❝❦✲▲❡✐❣t❤♦♥ ②❛ q✉❡ ♣❡r♠✐t❡ ❧❛ ♠✐❣r❛❝✐ó♥ ❤❛❝✐❛ ❧♦s ♣♦❧♦s

② ❡❧ ❡❝✉❛❞♦r ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s ❘❆s ✭❈❤♦✉❞❤✉r✐ ❡t ❛❧✳✱ ✶✾✾✺❀ ◆❛♥❞② ✫ ❈❤♦✉❞❤✉r✐✱

✷✵✵✷✮✳

❊♥ ❧❛ ❝✉❛rt❛ ❢❛s❡✱ ❧✉❡❣♦ ❞❡ ∼ 11 ❛ñ♦s✱ ❧❛ ❝♦♥❞✐❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡s s✐♠✐❧❛r ❛ ❧❛ ❞❡ ❧❛

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

r❡❝♦♥✈❡rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❤❛st❛ ❝♦♠♣❧❡t❛r ❡❧ ❝✐❝❧♦ ❞❡ ∼ 22 ❛ñ♦s✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✾ ❋❡❜r❡r♦ ✷✵✶✼



❊❧ ❙♦❧ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❋❡❜r❡r♦ ✷✵✶✼ ✷✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✷

❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❊♥ ❜❛s❡ ❛ ❧❛ ❣r❛♥ ✈❛r✐❡❞❛❞ ❞❡ ❡✈✐❞❡♥❝✐❛ ♦❜s❡r✈❛❝✐♦♥❛❧ ❞✐s♣♦♥✐❜❧❡ s❡ ✐♥t❡r♣r❡t❛ ❛ ❧❛

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

✢✉❥♦ ♠❛❣♥ét✐❝♦ ❢♦r♠❛❞♦s ❡♥ ❡❧ ✐♥t❡r✐♦r s♦❧❛r✳ ❊♥ ❡st❡ ❝❛♣ít✉❧♦ ❞❡s❝r✐❜✐♠♦s ❧♦s ❛s♣❡❝t♦s

♦❜s❡r✈❛❝✐♦♥❛❧❡s ② t❡ór✐❝♦s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❡st❛s ❡str✉❝t✉r❛s ❝♦❤❡r❡♥t❡s ❞❡ ✢✉❥♦✳ ▲✉❡❣♦

✐♥tr♦❞✉❝✐♠♦s ❧❛s ❣❡♥❡r❛❧✐❞❛❞❡s ❞❡ ❧♦s ♠♦❞❡❧♦s ▼❍❉ q✉❡ s✐♠✉❧❛♥ s✉ ❡♠❡r❣❡♥❝✐❛ ❛ tr❛✈és

❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✳ ❋✐♥❛❧♠❡♥t❡ ♣r❡s❡♥t❛♠♦s ✉♥ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡

❘❆s ❜❛s❛❞♦ ❡♥ ❧❛ ❣❡♦♠❡trí❛ ❞❡ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥✳

✷✳✶✳ ❊♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s

▲❛s ♣r✐♠❡r❛s ♠❛♥✐❢❡st❛❝✐♦♥❡s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ q✉❡ ❢♦r♠❛♥ ✉♥❛ ❘❆ ❛♣❛r❡❝❡♥

❡♥ ❧❛ ❢♦tós❢❡r❛ ❝♦♠♦ ✉♥ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣rá❝t✐❝❛♠❡♥t❡ ❤♦r✐③♦♥t❛❧ ✭❝♦♥t❡♥✐❞♦ ❡♥ ❡❧

♣❧❛♥♦ ❢♦t♦s❢ér✐❝♦✮✱ ❞❡ ✐♥t❡♥s✐❞❛❞ ❞❡ 200 − 600G✱ q✉❡ s❡ ❡①♣❛♥❞❡ ❤❛❝í❛ ❧❛ ❛t♠ós❢❡r❛

s♦❧❛r✳ ▲♦s ❡❧❡♠❡♥t♦s ❞❡ ✢✉❥♦ ✐♥❞✐✈✐❞✉❛❧❡s s❡ ❛❧❡❥❛♥ rá♣✐❞❛♠❡♥t❡ ❞❡ ❧❛ ③♦♥❛ ❞❡ ❡♠❡r❣❡♥❝✐❛

② ❛❧❝❛♥③❛♥ ✉♥❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ❞❡❧ ♦r❞❡♥ ❞❡ ❧♦s kG ✉♥❛ ✈❡③ q✉❡ ❡❧ ❝❛♠♣♦ s❡

✈✉❡❧✈❡ ♣rá❝t✐❝❛♠❡♥t❡ ♦rt♦❣♦♥❛❧ ❛ ❧❛ ❢♦tós❢❡r❛✳ ❆❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♥♦ ❡s ♣♦s✐❜❧❡

❞❡✜♥✐r ✉♥❛ ú♥✐❝❛ ❧í♥❡❛ q✉❡ ❞✐✈✐❞❛ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛ ❞❡ ❧❛ ❘❆ ✭❧í♥❡❛

❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞✱ ▲■P✮ ❞❡❜✐❞♦ ❛ q✉❡ ❧❛s ♣r✐♠❡r❛s ❝♦♥❝❡♥tr❛❝✐♦♥❡s ❞❡ ✢✉❥♦ s❡

✈❡♥ ❝♦♠♦ ♣❡q✉❡ñ♦s ❜✐♣♦❧♦s ✉❜✐❝❛❞♦s ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ③♦♥❛ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊st❡ ♣❛tró♥

♦♥❞✉❧❛t♦r✐♦✱ ❢♦r♠❛❞♦ ♣♦r ✉♥❛ s✉❝❡s✐ó♥ ❛❧t❡r♥❛❞❛ ❞❡ ❛r❝♦s Ω ② ❯ ❞❡ ❡s❝❛❧❛s ♣❡q✉❡ñ❛s✱

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✷✶ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

s✉❣✐❡r❡ ❡❧ ❞❡s❛rr♦❧❧♦ ❞❡ ✉♥❛ ✐♥❡st❛❜✐❧✐❞❛❞ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥á♠✐❝❛ ❞❡❜✐❞♦ ❛ ❧❛ tr❛♥s✐❝✐ó♥

s✉❜❛❞✐❛❜át✐❝❛ ❞❡❧ ♣❧❛s♠❛ ❛ ♥✐✈❡❧ ❞❡ ❧❛ ❢♦tós❢❡r❛ ✭P❛r✐❛t ❡t ❛❧✳✱ ✷✵✵✹✮✳

▲❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ r❡s♣❡❝t♦ ❞❡ ❧❛ r♦t❛❝✐ó♥ s♦❧❛r ❝♦♥✈❡r❣❡ r❛♣✐❞❛♠❡♥t❡ ❛ ✉♥ ♣♦r♦

♠✐❡♥tr❛s q✉❡ ❧❛ ♣♦❧❛r✐❞❛❞ s✐❣✉✐❡♥t❡ ❡s ♠ás ❞✐s♣❡rs❛✳ ▲♦s ♣♦r♦s s❡ ✈❡♥ ❝♦♠♦ ③♦♥❛s ♦s❝✉r❛s

❞❡ ∼ 500 km ❞❡ r❛❞✐♦ ② ❝♦♥ ✉♥❛ ❡✈♦❧✉❝✐ó♥ rá♣✐❞❛ ❞♦♠✐♥❛❞❛ ♣♦r ❧♦s ✢✉❥♦s ❞❡ ♣❧❛s♠❛

❝♦♥✈❡❝t✐✈♦s✳ ▲✉❡❣♦ ❞❡ ❧❛s ♣r✐♠❡r❛s ✷✹ ❤♦r❛s✱ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♦♣✉❡st❛s s❡ s❡♣❛r❛♥ ② ❧❛s

❝♦♥❝❡♥tr❛❝✐♦♥❡s ❞❡ ❧❛ ♠✐s♠❛ ♣♦❧❛r✐❞❛❞ s❡ ❝♦♠❜✐♥❛♥ ❢♦r♠❛♥❞♦ ♣♦r♦s ♠ás ❞❡✜♥✐❞♦s✳ ▲❛

❛❝✉♠✉❧❛❝✐ó♥ ❞❡ ❧♦s ♣♦r♦s ❞❛ ♦r✐❣❡♥ ❛ ❧❛s ♠❛♥❝❤❛s s♦❧❛r❡s✱ ❝♦♥ ✉♠❜r❛ ② ♣❡♥✉♠❜r❛✱ ② ❡stá♥

❛❝♦♠♣❛ñ❛❞❛s ♣♦r ③♦♥❛s ❜r✐❧❧❛♥t❡s ❡♥ ❧❛ ♣❡r✐❢❡r✐❛ ❞❡ ❧❛ ③♦♥❛ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❝♦♥♦❝✐❞❛s ❝♦♠♦

♣❧❛❣❡s✳ ❊❧ t❛♠❛ñ♦ ❝❛r❛❝t❡ríst✐❝♦ ② ❧❛ ❡st❛❜✐❧✐❞❛❞ ❞❡ ❧❛s ♠❛♥❝❤❛s ♣r❡❝❡❞❡♥t❡ ② s✐❣✉✐❡♥t❡

❞✐✜❡r❡♥✱ ❡♥ ❣❡♥❡r❛❧✱ ❧❛ ♠❛♥❝❤❛ ♣r❡❝❡❞❡♥t❡ t✐❡♥❡ ✉♥ t❛♠❛ñ♦ ② ❞✉r❛❝✐ó♥ ♠❛②♦r q✉❡ ❧❛s

♠❛♥❝❤❛s s✐❣✉✐❡♥t❡s ✭❍❛❧❡ ✫ ◆✐❝❤♦❧s♦♥✱ ✶✾✸✽✮✳

▲❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❧❧❡✈❛ ❛ ❧❛ r❡❝♦♥❡①✐ó♥ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧❛ ❘❆ ❝♦♥ ❡❧ ❝❛♠♣♦ ♣r❡✲

❡①✐st❡♥t❡ ❡♥ ❧❛ ❝♦r♦♥❛ ❢♦r♠❛♥❞♦ ♥✉❡✈❛s ❝♦♥❡①✐♦♥❡s✳ ❉✉r❛♥t❡ ❧❛s ♣r✐♠❡r❛s ✶✹ ❤♦r❛s ❞❡

❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥❛ ❘❆✱ ❧❛ ❡♥❡r❣í❛ ❧✐❜❡r❛❞❛ ❛ tr❛✈és ❞❡ ❡st♦s ♣r♦❝❡s♦s ❡s ❡q✉✐✈❛❧❡♥t❡ ❛

✉♥❛ ❢✉❧❣✉r❛❝✐ó♥ ❞❡ ❝❧❛s❡ ▼ ✭❚❛rr ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▲❛s ❢✉❧❣✉r❛❝✐♦♥❡s s♦♥ ♠ás ✐♥t❡♥s❛s ❞✉r❛♥t❡

❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s ② ❛❧❝❛♥③❛♥ s✉ ♣✐❝♦ ❝✉❛♥❞♦ ❡❧ ár❡❛ ❞❡ ❧❛s ♠❛♥❝❤❛s ❡s

♠á①✐♠❛ ✭❈❤♦✉❞❤❛r② ❡t ❛❧✳✱ ✷✵✶✸✮✳

▲❛ ❢❛s❡ ❞❡ ❞❡❝❛✐♠✐❡♥t♦ ❞❡ ❧❛s ❘❆s ❡s ♠ás ❧❡♥t❛ q✉❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❝♦♠✐❡♥③❛ ❧✉❡❣♦

❞❡ q✉❡ s❡ ❛❧❝❛♥③❛ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✳ ▲❛ ❞✐s♣❡rs✐ó♥ ❞❡❧ ✢✉❥♦ ❞❡ ❧❛s

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

❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ s♦♥ ❛rr❛str❛❞♦s ♣♦r ❧♦s ♠♦✈✐♠✐❡♥t♦s ❝♦♥✈❡❝t✐✈♦s ❤♦r✐③♦♥t❛❧❡s✳ ▲❛s

♣❡q✉❡ñ❛s ❝♦♥❝❡♥tr❛❝✐♦♥❡s ♠❛❣♥ét✐❝❛s ❝♦♠✐❡♥③❛♥ ❛ ❞❡s♣r❡♥❞❡rs❡ ❞❡ ❢♦r♠❛ r❛❞✐❛❧ ❞❡ ❧❛s

♠❛♥❝❤❛s ② ❧♦s ❡❧❡♠❡♥t♦s ❞❡ ♣♦❧❛r✐❞❛❞ ♦♣✉❡st❛ q✉❡ s❡ ♠✉❡✈❡♥ ❤❛❝í❛ ❧❛ ❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥

❞❡ ♣♦❧❛r✐❞❛❞ s❡ r❡❝♦♥❡❝t❛♥ ❧❧❡✈❛♥❞♦ ❛ ✉♥❛ ❝❛♥❝❡❧❛❝✐ó♥ ❞❡❧ ✢✉❥♦ ❛ ♥✐✈❡❧ ❞❡ ❧❛ ❢♦tós❢❡r❛✳ ❊♥

❣❡♥❡r❛❧✱ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ♠❛♥❝❤❛s s♦❧❛r❡s ❞❡s❛♣❛r❡❝❡♥ ❧✉❡❣♦ ❞❡ ❧❛ ♣r✐♠❡r r♦t❛❝✐ó♥ s♦❧❛r

✭❛ ❡①❝❡♣❝✐ó♥✱ ❡♥ ♦❝❛s✐♦♥❡s✱ ❞❡ ❧❛ ♠❛♥❝❤❛ ♣r❡❝❡❞❡♥t❡ ❞♦♠✐♥❛♥t❡ q✉❡ ♣✉❡❞❡ ♠❛♥t❡♥❡rs❡

♣♦r ✈❛r✐❛s r♦t❛❝✐♦♥❡s✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧❛ r❡❣✐ó♥ ♣❡r♠❛♥❡❝❡ ❛❝t✐✈❛ ♣♦r ✈❛r✐❛s s❡♠❛♥❛s ✭♦

♠❡s❡s✮ ❢♦r♠❛♥❞♦ ✉♥❛ r❡❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ q✉❡ ❞♦♠✐♥❛ ♣♦r s♦❜r❡ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❞❡ ❢♦♥❞♦ ✭✈❛♥ ❉r✐❡❧✲●❡s③t❡❧②✐ ✫ ●r❡❡♥✱ ✷✵✶✺✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✷✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❋✐❣✉r❛ ✷✳✶✿ ❊✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆ ✼✾✼✽ ♦❜s❡r✈❛❞❛ ❡♥tr❡ ❡❧ ✼ ❞❡ ❏✉❧✐♦ ② ❡❧ ✷✾ ❞❡ ❆❣♦st♦ ❞❡

✶✾✾✻✿ ❡♥ ❧✉③ ❜❧❛♥❝❛ ✭✐③q✉✐❡r❞❛✮ ② s✉ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ✭❝❡♥tr♦✮ ♣♦r ❡❧ ▼✐❝❤❡❧✲

s♦♥ ❉♦♣♣❧❡r ■♠❛❣❡r ✭▼❉■✮❀ ❧❛ ❡str✉❝t✉r❛ ❝♦r♦♥❛❧ s❡ ✈❡ ❡♥ ❧❛ ❜❛♥❞❛ ❞❡ 171➴ ❡♥ ❊❯❱

✭❞❡r❡❝❤❛✮ t♦♠❛❞❛ ♣♦r ❡❧ ❊①tr❡♠❡✲❯tr❛✈✐♦❧❡t ■♠❛❣❡r ❚❡❧❡s❝♦♣❡ ✭❊■❚✮✳ ❆♠❜♦s ✐♥str✉♠❡♥✲

t♦s s❡ ❡♥❝✉❡♥tr❛♥ ❛ ❜♦r❞♦ ❞❡❧ ❙♦❧❛r ❛♥❞ ❍❡❧✐♦s♣❤❡r✐❝ ❖❜s❡r✈❛t♦r② ✭❙❖❍❖✮✳ ▲❛s ✜❧❛s ✶✕✹

♠✉❡str❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆ ❞✉r❛♥t❡ ❧❛s ♣r✐♠❡r❛s ✷✹ ❤♦r❛s✳ ▲❛s ✜❧❛s ✺ ② ✻ ♠✉❡str❛♥ ❧❛

❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ r❡❣✐ó♥ ❞✉r❛♥t❡ ❡❧ ✶ ❞❡ ❆❣♦st♦ ② ❡❧ ✷✾ ❞❡ ❛❣♦st♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❧✉❡❣♦

❞❡ ❧❛ ♣r✐♠❡r❛ ② s❡❣✉♥❞❛ r♦t❛❝✐ó♥ s♦❧❛r ✭▼❛♥❞r✐♥✐ ❡t ❛❧✳✱ ✷✵✵✵✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✷✸ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

(a)

(c)
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(f)

Rotación

NM

❋✐❣✉r❛ ✷✳✷✿ ❊✈✐❞❡♥❝✐❛s ♦❜s❡r✈❛❝✐♦♥❛❧❡s

❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❡♥ ❡❧ ❙♦❧✳

✭❛✮ ❱órt✐❝❡ ❡♥ ✉♥❛ ♠❛♥❝❤❛ s♦❧❛r ♦❜✲

s❡r✈❛❞♦ ❡♥ ❧❛ ❝r♦♠ós❢❡r❛✳ ✭❜✮ ▲❡♥❣✉❛s

♠❛❣♥ét✐❝❛s ♦❜s❡r✈❛❞❛s ❡♥ ✉♥❛ ♠❛❣✲

♥❡t♦❣r❛♠❛ ❢♦t♦s❢ér✐❝♦ ✭▲✉♦♥✐ ❡t ❛❧✳✱

✷✵✶✶✮✳ ✭❝✮ ▼❛❣♥❡t♦❣r❛♠❛s ✈❡❝t♦r✐❛❧❡s

❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✳

✭❞✮ ② ✭❡✮ ❆r❝♦s ❝♦r♦♥❛❧❡s ❝♦♥ ❢♦r♠❛

s✐❣♠♦✐❞❛❧ ♦❜s❡r✈❛❞♦s ❡♥ ❊❯❱ ② r❛②♦s

❳✳ ✭❢✮ ▼❡❞✐❝✐♦♥❡s ✐♥✲s✐t✉ ❞❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ✐♥t❡r♣❧❛♥❡t❛r✐♦✳

❙✐ ❜✐❡♥ ❡st❛ ❡✈♦❧✉❝✐ó♥ ❡s r❡❝✉rr❡♥t❡ ❡♥ ❧❛s ❘❆ ❜✐♣♦❧❛r❡s✱ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♣✉❡❞❡ ♣r❡s❡♥t❛r

✉♥❛ ❡✈♦❧✉❝✐ó♥ ♠ás ❝♦♠♣❧❡❥❛ ❞❡❜✐❞♦ ❛ ❡♠❡r❣❡♥❝✐❛s s❡❝✉♥❞❛r✐❛s✱ ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❡♥ ✉♥❛

③♦♥❛ ❝♦♥ r❡♠❛♥❡♥t❡s ❞❡ ❝❛♠♣♦ ❞❡ ❘❆s ❛♥t❡r✐♦r❡s✱ ♦ ❜✐❡♥ ♣♦r ❧❛s ♣r♦♣✐❡❞❛❞❡s ✐♥trí♥s❡❝❛s

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ P❛rt❡ ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ ❝♦♠♣❧❡❥✐❞❛❞ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ❡stá ❛s♦❝✐❛❞❛

❛ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ q✉❡ ❢♦r♠❛♥ ❛❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ❊stá t♦rs✐ó♥ ♣✉❡❞❡

❝✉❛♥t✐✜❝❛rs❡ r❡❧❛❝✐♦♥á♥❞♦❧❛ ❝♦♥ ❡❧ ❝♦♥t❡♥✐❞♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❡♥ ❡st❛s ❡str✉❝t✉r❛s

✭P❡✈ts♦✈ ❡t ❛❧✳✱ ✷✵✶✹✮✳

✷✳✶✳✶✳ ▲❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❯♥❛ ❣r❛♥ ✈❛r✐❡❞❛❞ ❞❡ ♦❜s❡r✈❛❝✐♦♥❡s s✉❣✐❡r❡♥ q✉❡ ❧❛s r❡❣✐♦♥❡s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉✲

❥♦ ✉s✉❛❧♠❡♥t❡ ❝♦♥t✐❡♥❡♥ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s ✈❡❝t♦r✐❛❧❡s ❞❡ ❘❆s

♠✉❡str❛♥ q✉❡ ❛❧❣✉♥❛s ♣♦s❡❡♥ ✉♥❛ ❞✐str✐❜✉❝✐ó♥ s✐st❡♠át✐❝❛ ❞❡ ❝♦rr✐❡♥t❡s ❛ ♥✐✈❡❧ ❢♦t♦s❢ér✐✲

❝♦ ✭▲❡❦❛ ❡t ❛❧✳✱ ✶✾✾✻❀ ▼❡t❝❛❧❢ ❡t ❛❧✳✱ ✷✵✵✺✱ ❋✐❣✉r❛ ✷✳✷❝✮✳ ▲❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s

♠❛❣♥ét✐❝❛s ♦❜s❡r✈❛❞❛ ❡♥ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛

❋❡❜r❡r♦ ✷✵✶✼ ✷✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❞❡ ❘❆s ❡s t❛♠❜✐é♥ ✉♥❛ ❡✈✐❞❡♥❝✐❛ ❞❡ q✉❡ ❡st❛s ❡str✉❝t✉r❛s ♣♦s❡❡♥ ✉♥❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦

❞❡ ✉♥❛ ❡s❝❛❧❛ ❡s♣❛❝✐❛❧ ❞❡❧ ♦r❞❡♥ ❞❡❧ t❛♠❛ñ♦ ❞❡ ❧❛ ♠✐s♠❛ r❡❣✐ó♥ ✭❆r❝❤♦♥t✐s ✫ ❍♦♦❞✱

✷✵✶✵❀ ▲ó♣❡③ ❋✉❡♥t❡s ❡t ❛❧✳✱ ✷✵✵✵❀ ▲✉♦♥✐ ❡t ❛❧✳✱ ✷✵✶✶✱ ❋✐❣✉r❛ ✷✳✷❜✮✳ ❊♥ ❍α✱ ❧♦s ✈órt✐❝❡s

q✉❡ r♦❞❡❛♥ ❛ ❧❛ ✉♠❜r❛ ❞❡ ❧❛s ♠❛♥❝❤❛s ② ❢♦r♠❛♥ ❧❛ ♣❡♥✉♠❜r❛ ❞❡ ❧❛s ♠✐s♠❛s ♠✉❡str❛♥

✉♥❛ t♦rs✐ó♥ ❝♦❤❡r❡♥t❡ ❞❡❧ ❝❛♠♣♦ ✐♥❞✐❝❛♥❞♦ ❡❧ s❡♥t✐❞♦ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦

✭❈❤❛❡✱ ✷✵✵✶✱ ❋✐❣✉r❛ ✷✳✷❛✮✳ ❊♥ ❧❛ ❝♦r♦♥❛ ❧❛ ❞❡t❡❝❝✐ó♥ ❞❡ s✐❣♠♦✐❞❡s ♦❜s❡r✈❛❞♦s ❡♥ r❛②♦s

❳ ✭❈❛♥✜❡❧❞ ❡t ❛❧✳✱ ✶✾✾✾✮ ② ❡♥ ❊❯❱ ✭❇r♦✇♥✱ ✷✵✵✸✮ s✉❣✐❡r❡♥ ✉♥❛ t♦rs✐ó♥ ❡♥ ❧❛s ❧í♥❡❛s

❞❡ ❝❛♠♣♦ ❞❡ ❧❛s ❘❆s ✭❋✐❣✉r❛ ✷✳✷❞ ② ❡✮✳ ▲❛s ♦❜s❡r✈❛❝✐♦♥❡s ✐♥✲s✐t✉ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

✐♥t❡r♣❧❛♥❡t❛r✐♦ ♠✉❡str❛♥ ✉♥❛ r♦t❛❝✐ó♥ ❝♦❤❡r❡♥t❡ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧♦s t✉❜♦s q✉❡ ❢♦r♠❛♥ ❧❛s

♥✉❜❡s ♠❛❣♥ét✐❝❛s ✭❇♦t❤♠❡r ✫ ❙❝❤✇❡♥♥✱ ✶✾✾✽❀ ❉❛ss♦ ❡t ❛❧✳✱ ✷✵✵✾✱ ❋✐❣✉r❛ ✷✳✷❢✮✳

▲❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡t❡r♠✐♥❛ ❧❛ q✉✐r❛❧✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❝♦♥ ❧♦ ❝✉❛❧ ❡s

♣♦s✐❜❧❡ r❡❝♦♥♦❝❡r ✉♥ s✐❣♥♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ❛s♦❝✐❛❞♦ ❛❧ ♣❛tró♥ q✉❡ s❡ ♦❜s❡r✈❛ ❡♥ ❧❛s ❡str✉❝✲

t✉r❛s ♠❛❣♥ét✐❝❛s✳ ▲❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡♥ s❡♥t✐❞♦ ❤♦r❛r✐♦ ✐♠♣❧✐❝❛ ✉♥ ✈❛❧♦r ❞❡ ❤❡❧✐❝✐❞❛❞

♠❛❣♥ét✐❝❛ ♣♦s✐t✐✈❛ ✭♣♦r ❡❥❡♠♣❧♦ ❋✐❣✉r❛ ✷✳✷❛✮ ② ❡♥ s❡♥t✐❞♦ ❛♥t✐❤♦r❛r✐♦ ✉♥ ✈❛❧♦r ♥❡❣❛t✐✈♦✳

▲❛ q✉✐r❛❧✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞❛ ❡♥ ❘❆s✱ ❛r❝♦s ❝♦r♦♥❛❧❡s✱ ✜❧❛♠❡♥t♦s ② ♥✉❜❡s ♠❛❣♥ét✐✲

❝❛s ✐♥t❡r♣❧❛♥❡t❛r✐❛s s✉❣✐❡r❡ ✉♥❛ ♣r❡❢❡r❡♥❝✐❛ ❡♥ ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ✐♥②❡❝t❛❞❛ ❡♥ ❝❛❞❛

❤❡♠✐s❢❡r✐♦ ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❝✐❝❧♦ s♦❧❛r✳ ▲❛s ❡str✉❝t✉r❛s ♦❜s❡r✈❛❞❛s ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r s✉❡❧❡♥

t❡♥❡r ♣r❡❢❡r❡♥t❡♠❡♥t❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♣♦s✐t✐✈❛✱ s✐❡♥❞♦ ❞❡ s✐❣♥♦ ♦♣✉❡st♦ ❡♥ ❡❧ ❤❡♠✐s✲

❢❡r✐♦ ♥♦rt❡ ✭❍❛❣✐♥♦ ✫ ❙❛❦✉r❛✐✱ ✷✵✵✹❀ ▲♦♥❣❝♦♣❡ ❡t ❛❧✳✱ ✶✾✾✽❀ P❡✈ts♦✈ ✫ ❇❛❧❛s✉❜r❛♠❛♥✐❛♠✱

✷✵✵✸✮✳ ❊❧ ❝✉♠♣❧✐♠✐❡♥t♦ ❞❡ ❡st❛ r❡❣❧❛ ✈❛rí❛ ❞❡♣❡♥❞✐❡♥❞♦ ❞❡ ❧❛s ❡str✉❝t✉r❛s ♦❜s❡r✈❛❞❛s✿

❛❜❛r❝❛♥❞♦ ❞❡s❞❡ ✉♥ ∼ 90% ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧♦s ✜❧❛♠❡♥t♦s q✉✐❡s❝❡♥t❡s ② ❛r❝❛❞❛s ❡♥ r❛②♦s

❳ ❤❛st❛ ✉♥ ∼ 60% ♣❛r❛ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ tr❛♥s✈❡rs❛❧ ❞❡ ❧❛s ❘❆s ✭✈❡r ❡❥❡♠♣❧♦s ❡♥ ❧❛

❋✐❣✉r❛ ✷✳✸✱ P❡✈ts♦✈ ❡t ❛❧✳✱ ✷✵✶✹✮✳

❊❧ ❝♦♥t❡♥✐❞♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ❧❛s ❘❆s ❡stá ❛s♦❝✐❛❞♦ ❝♦♥ ❧❛ ❡♥❡r❣í❛ ♠❛❣♥é✲

t✐❝❛ ❧✐❜r❡ ♣♦r s♦❜r❡ ❧❛ ❡♥❡r❣í❛ ❞❡❧ ❝❛♠♣♦ ♣♦t❡♥❝✐❛❧✳ ❊st❡ ❡①❝❡❞❡♥t❡ ❞❡ ❡♥❡r❣í❛ ♣✉❡❞❡ s❡r

❧✐❜❡r❛❞❛ ♠❡❞✐❛♥t❡ ♣r♦❝❡s♦s ❞❡ r❡❝♦♥❡①✐ó♥ ❞✉r❛♥t❡ ❢✉❧❣✉r❛❝✐♦♥❡s ② ❡②❡❝❝✐♦♥❡s ❝♦r♦♥❛❧❡s

❞❡ ♠❛s❛ ✭❊❈▼s✮ ✭✈❡r ❑✉s❛♥♦ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❈♦♥ ❧♦ ❝✉❛❧✱ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ ❝♦♥t❡♥✐❞♦

❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❡s ✉♥ ✐♥❞✐❝❛❞♦r ❞❡ ❧❛ ♠❛②♦r t❡♥❞❡♥❝✐❛ ❞❡ ❧❛s ❘❆s ♣❛r❛ ♣r♦❞✉❝✐r

❡✈❡♥t♦s ❛❝t✐✈♦s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧❛ ❧✐❜❡r❛❝✐ó♥ ❞❡ ❡♥❡r❣í❛ ❞❡❜❡ ♦❝✉rr✐r ❡♥ ③♦♥❛s ❡♥ ❞♦♥❞❡ ❧♦s

t✐❡♠♣♦s ❞❡ ❞✐❢✉s✐ó♥ ❞❡❧ ❝❛♠♣♦ s❡❛♥ ❞❡❧ ♦r❞❡♥ ❞❡ ❧♦s ♠✐♥✉t♦s✳ ❊st❛s ③♦♥❛s s❡ ❝❛r❛❝t❡r✐✲

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✷✺ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❋✐❣✉r❛ ✷✳✸✿ ❘❡♣r❡s❡♥t❛❝✐ó♥ ❞❡ ❧❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛

♣❛r❛ ❞✐st✐♥t♦s ♦❜s❡r✈❛❜❧❡s ✭✐♠❛❣❡♥ t♦♠❛❞❛ ❞❡ P❡✈ts♦✈ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❙❡ ♠✉❡str❛♥ ❧♦s

♣♦r❝❡♥t❛❥❡s ❞❡ ♣r❡❢❡r❡♥❝✐❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❡♥ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦ ♦❜t❡♥✐❞♦s ❝♦♥

♦❜s❡r✈❛❝✐♦♥❡s ❞❡✿ ✭❞❡r❡❝❤❛ ❛ ✐③q✉✐❡r❞❛✮ ♣✉♥t♦s ❜r✐❧❧❛♥t❡s ❡♥ r❛②♦s ❳ ❞❡❧ ❙♦❧ q✉✐❡t♦✱ ✜❧❛✲

♠❡♥t♦s q✉✐❡s❝❡♥t❡s✱ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s✱ ✈órt✐❝❡s ❞❡ ♠❛♥❝❤❛s ❡♥ ❍α✱

s✐❣♠♦✐❞❡s ❡♥ r❛②♦s ❳ ② ❊❯❱✱ ❛r❝❛❞❛s ❡♥ r❛②♦s ❳✱ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❡ ❣r❛♥ ❡s❝❛❧❛✱ ❡❧

✈✐❡♥t♦ s♦❧❛r ② ❡♥ ♥✉❜❡s ♠❛❣♥ét✐❝❛s✳

③❛♥ ♣♦r ❢♦r♠❛r ❤♦❥❛s ❞❡ ❝♦rr✐❡♥t❡s ♣r♦❞✉❝t♦ ❞❡ ✉♥ ❝❛♠❜✐♦ ❡♥ ❧❛ ❝♦♥❡❝t✐✈✐❞❛❞ ❞❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ② s♦♥ ❝♦♥♦❝✐❞❛s ❝♦♠♦ s❡♣❛r❛tr✐❝❡s ✭❙▲s✮ ♦ q✉❛s✐✲s❡♣❛r❛tr✐❝❡s ✭◗❙▲s✮ ✭▼❛♥❞r✐✲

♥✐ ❡t ❛❧✳✱ ✷✵✶✹✱ ② r❡❢❡r❡♥❝✐❛s ❛❧❧í ❝✐t❛❞❛s✮✳ ▲❛ ✐♥②❡❝❝✐ó♥ ❝♦♥t✐♥✉❛ ❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛

❞❡❜✐❞❛ ❛ ♠♦✈✐♠✐❡♥t♦s ❞❡ ❧♦s ♣✐❡s ❞❡ ❧♦s ❛r❝♦s ♠❛❣♥ét✐❝♦s ❛ ♥✐✈❡❧ ❞❡ ❧❛ ❢♦tós❢❡r❛ ❡s ✉♥

✐♠♣♦rt❛♥t❡ ❞✐s♣❛r❛❞♦r ❞❡ ❢✉❧❣✉r❛❝✐♦♥❡s ❡♥ ❧❛s ❘❆s✳ ❊st♦s ♠♦✈✐♠✐❡♥t♦s ❢✉❡r③❛♥ ❧❛ r❡❝♦✲

♥❡①✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡♥ ❧❛s ❙▲s ② ◗❙▲s ② tr❛♥s✜❡r❡♥ ❧❛ ❡♥❡r❣í❛ ♠❛❣♥ét✐❝❛ ❧✐❜r❡ ❤❛❝✐❛ ❧❛s

♠✐s♠❛s✳

P♦r ♦tr❛ ♣❛rt❡✱ s✐❡♥❞♦ ✉♥❛ ❝❛♥t✐❞❛❞ ▼❍❉ ❝♦♥s❡r✈❛❞❛ ❛ú♥ ❡♥ ❝♦♥❞✐❝✐♦♥❡s ♥♦ ✐❞❡❛❧❡s✱

❋❡❜r❡r♦ ✷✵✶✼ ✷✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✷✳✶✳ ❊▼❊❘●❊◆❈■❆ ❉❊ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

❝♦♠♦ ❧❛s ✐♠♣❡r❛♥t❡s ❡♥ ❧❛ ❝♦r♦♥❛ s♦❧❛r ❣❧♦❜❛❧ ✭❇❡r❣❡r✱ ✶✾✽✹✮✱ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♣r♦✲

✈❡❡ ✐♥❢♦r♠❛❝✐ó♥ s♦❜r❡ ❧♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❢♦r♠❛❝✐ó♥ ② ❡✈♦❧✉❝✐ó♥ ❞❡ ❧♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s

❡♥ ❡❧ ✐♥t❡r✐♦r ② ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳ ▲❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ✐♥❢❡r✐❞❛ ❞❡ ♠❡❞✐❝✐♦♥❡s ✐♥ s✐t✉

❞❡❧ ❝❛♠♣♦ ❡♥ ❡❧ ♠❡❞✐♦ ✐♥t❡r♣❧❛♥❡t❛r✐♦ ♣✉❡❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❧❛ r❡❣✐ó♥ ❢✉❡♥t❡

❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ q✉❡ ❢♦r♠❛♥ ❧❛s ♥✉❜❡s ♠❛❣♥ét✐❝❛s ②❛ q✉❡ ❡st❛s ♣r♦✈✐❡♥❡♥ ❞❡ ❘❆s

❝♦♥ ❡❧ ♠✐s♠♦ s✐❣♥♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ✭✈❡r ◆❛❦✇❛❝❦✐ ❡t ❛❧✳✱ ✷✵✶✶✱ ② r❡❢❡r❡♥❝✐❛s ❛❧❧í ❝✐t❛❞❛s✮✳

❙❡ ❤❛ ❞❡♠♦str❛❞♦ r❡❝✐❡♥t❡♠❡♥t❡ q✉❡ ❧❛ t♦rs✐ó♥ ❝✉♠♣❧❡ ✉♥ ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡ ❞✉r❛♥t❡

❡❧ ❝r✉❝❡ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❛ tr❛✈és ❞❡ ❧❛ ✐♥t❡r❢❛s❡ s✉❜❛❞✐❛❜át✐❝❛ ❡♥tr❡ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r

❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ② ❧❛ ❢♦tós❢❡r❛ ✭✈❡r ❍♦♦❞ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❊♥ ❡st❛s s✐♠✉❧❛❝✐♦♥❡s✱ ❧❛

♣❛rt❡ s✉♣❡r✐♦r ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ s❡ ❡①♣❛♥❞❡ ② s❡ ❛♣❧❛♥❛ ❛ ♠❡❞✐❞❛ q✉❡ s❡ ❡♥❝✉❡♥tr❛

❝♦♥ ❧❛ ❢♦tós❢❡r❛ ❞❡❜✐❞♦ ❛ q✉❡ ❧❛ ♣r❡s✐ó♥ ❞❡❧ ♣❧❛s♠❛ ❞❡❝r❡❝❡ rá♣✐❞❛♠❡♥t❡ ❝♦♥ ❧❛ ❛❧t✉r❛

✭❡s❝❛❧❛s ❡s♣❛❝✐❛❧❡s ❞❡ ∼ 150 km✮✳ ❊❧ t✉❜♦ ❞❡ ✢✉❥♦ ❞❡❥❛ ❞❡ ❛s❝❡♥❞❡r ♣♦r ✢♦t❛❝✐ó♥ ② ❡❧

✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝♦♠✐❡♥③❛ ❛ ❛❝✉♠✉❧❛rs❡ ♣♦r ❞❡❜❛❥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛✳ ❈✉❛♥❞♦ s❡ ❛❝✉♠✉❧❛

s✉✜❝✐❡♥t❡ ✢✉❥♦✱ ❝♦♠✐❡♥③❛♥ ❛ ❞❡s❛rr♦❧❧❛rs❡ ✐♥❡st❛❜✐❧✐❞❛❞❡s q✉❡ ♣❡r♠✐t❡♥ ❛❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❡♠❡r❣❡r ❤❛❝✐❛ ❧❛ ❝r♦♠ós❢❡r❛ ② ❧❛ ❝♦r♦♥❛ ❡♥ ❢♦r♠❛ ❞❡ ❞❡❧❣❛❞♦s t✉❜♦s ❞❡ ✢✉❥♦ ❞❡ ❢♦r♠❛

♦♥❞✉❧❛❞❛✱ r❡❝✐❜✐❡♥❞♦ ❡❧ ♥♦♠❜r❡ ❞❡ ✏s❡r♣✐❡♥t❡ ♠❛r✐♥❛✑ ✭P❛r✐❛t ❡t ❛❧✳✱ ✷✵✵✹❀ ❙tr♦✉s ❡t ❛❧✳✱

✶✾✾✻✮✳ ❘❡❝✐❡♥t❡♠❡♥t❡✱ ❱❛❧♦r✐ ❡t ❛❧✳ ✭✷✵✶✷✮ ❡st✉❞✐❛r♦♥ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥❛ ❘❆ ② ❤❛❧❧❛r♦♥

q✉❡ ❧❛s ♣r✐♠❡r❛s ♠❛♥✐❢❡st❛❝✐♦♥❡s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♦❝✉rr❡♥ ❡♥ ❢♦r♠❛ ❞❡ ♣❡q✉❡ñ♦s ❜✐♣♦❧♦s✱

❡♥ ❝♦♥s✐st❡♥❝✐❛ ❝♦♥ ❡❧ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡s❝r✐♣t♦✳ ❊❧ t❛♠❛ñ♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ❧♦s

❜✐♣♦❧♦s ❡stá ❛s♦❝✐❛❞♦ ❝♦♥ ❧❛ ❧♦♥❣✐t✉❞ ❞❡ ♦♥❞❛ ❞❡ ❧❛ ✐♥❡st❛❜✐❧✐❞❛❞ ✭❇❡r♥❛s❝♦♥✐ ❡t ❛❧✳✱ ✷✵✵✷❀

❖ts✉❥✐ ❡t ❛❧✳✱ ✷✵✶✶❀ ❱❛r❣❛s ❉♦♠í♥❣✉❡③ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▼✉rr❛② ❡t ❛❧✳ ✭✷✵✵✻✮ ② ▼✉rr❛② ✫ ❍♦♦❞

✭✷✵✵✽✮ ❞❡t❡r♠✐♥❛r♦♥ ❧❛ ❝❛♥t✐❞❛❞ ❞❡ t♦rs✐ó♥ ❡♥ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡ ❡s ♥❡❝❡s❛r✐❛ ♣❛r❛ q✉❡

♣✉❡❞❛ ❡♠❡r❣❡r ❤❛❝✐❛ ❧❛ ❛t♠ós❢❡r❛✳ ❆❧ t❡♥❡r ♠❛②♦r t♦rs✐ó♥ ② ♣♦r ❧♦ t❛♥t♦ ♠❛②♦r t❡♥s✐ó♥

♠❛❣♥ét✐❝❛✱ ♠❛②♦r ❡s ❧❛ ❝♦❤❡s✐ó♥ ❞❡❧ t✉❜♦ ② ♠ás rá♣✐❞♦ s❡ ❞❡s❛rr♦❧❧❛ ❧❛ ✐♥❡st❛❜✐❧✐❞❛❞ ② ❧❛

❝♦♥s✐❣✉✐❡♥t❡ ❡♠❡r❣❡♥❝✐❛✳

●❡♦♠étr✐❝❛♠❡♥t❡✱ ❧❛ ❤❡❧✐❝✐❞❛❞ ❡s ✉♥❛ ❝❛♥t✐❞❛❞ ❛s♦❝✐❛❞❛ ❛❧ ❡♥r♦❧❧❛♠✐❡♥t♦ ♦ ❝♦♥❝❛t❡✲

♥❛❝✐ó♥ ❞❡ ❝✉r✈❛s✳ ❊s ✉♥❛ ♠❡❞✐❞❛ ❞❡ ❝♦♠♦ ❞♦s ❝✉r✈❛s ❡stá♥ ❡♥tr❡❧❛③❛❞❛s ❡♥tr❡ s✐ ♦✱ ❡♥

♣❛rt✐❝✉❧❛r✱ ❞❡ ❧❛ ❝♦♥✜❣✉r❛❝✐ó♥ ❤❡❧✐❝♦✐❞❛❧ ❞❡ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❧í♥❡❛s✳ ❊♥ ❡❧ ❝❛s♦ ❞❡ ❡st✉❞✐❛r

❡str✉❝t✉r❛s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ♣♦❞❡♠♦s ❞❡✜♥✐r ❡st❡ ❡♥tr❡❧❛③❛♠✐❡♥t♦ ❞❡ ❧í♥❡❛s ❞❡ ❝❛♠✲

♣♦ ✉s❛♥❞♦ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✳ ❊♥ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦✱ ♣✉❡❞❡♥ ❞❡✜♥✐rs❡ ❝♦♥✜❣✉r❛❝✐♦♥❡s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✷✼ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❞❡ ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❞✐st✐♥t❛s q✉❡ ❛♣♦rt❛♥ ❛ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✿ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❧í♥❡❛s

❞❡ ❝❛♠♣♦ ❛❧r❡❞❡❞♦r ❞❡ ❡❥❡ ❞❡❧ t✉❜♦ ✭❝♦♥♦❝✐❞❛ ❝♦♠♦ t✇✐st✮ ② ❧❛ ❞❡❢♦r♠❛❝✐ó♥ ♠✐s♠❛ ❞❡❧

❡❥❡ ❞❡❧ t✉❜♦ ✭♦ ✇r✐t❤❡✮✳ ❊♥ ❣❡♥❡r❛❧✱ ❝✉❛♥❞♦ ♠❡♥❝✐♦♥❛♠♦s ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛ ❧♦ ❧❛r❣♦

❞❡ ❡st❛ t❡s✐s ♥♦s r❡❢❡r✐♠♦s só❧♦ ❛ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡❜✐❞❛ ❛❧ t✇✐st✳

▲❛ ❝❛♥t✐❞❛❞ ❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❝♦♥t❡♥✐❞❛ ❡♥ ✉♥ ✈♦❧✉♠❡♥ ❡stá ❞❡✜♥✐❞❛ ❝♦♠♦✿

H =

∫
(B ·A) dV, ✭✷✳✶✮

❡♥ ❞♦♥❞❡ B ② A s♦♥ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ② ❡❧ ♣♦t❡♥❝✐❛❧ ✈❡❝t♦r ❡♥ ❡❧ ✈♦❧✉♠❡♥ V ✳ ❊♥t♦♥❝❡s✱

♣❛r❛ ❝✉❛♥t✐✜❝❛r ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ✉♥❛ ❘❆ ❡s ♥❡❝❡s❛r✐♦ ❝♦♥♦❝❡r ❧❛ ❞✐str✐❜✉❝✐ó♥

❡♥ ✈♦❧✉♠❡♥ ❞❡ ❧❛s tr❡s ❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ P♦r ❧♦ t❛♥t♦✱ ❧❛ ♣r✐♠❡r ❞✐✲

✜❝✉❧t❛❞ ♣❛r❛ ❡st✐♠❛r ❡❧ ❝♦♥t❡♥✐❞♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ❞❡ ✉♥ ❘❆ ❡s ❧❛ ✐♠♣♦s✐❜✐❧✐❞❛❞ ❞❡ t❡♥❡r

✉♥❛ ♠❡❞✐❝✐ó♥ ❞✐r❡❝t❛ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❝♦r♦♥❛ ② ❝r♦♠ós❢❡r❛✳ P♦r ❡st❡ ♠♦t✐✈♦

❡s q✉❡ s❡ ❞❡s❛rr♦❧❧❛♥ ♠ét♦❞♦s ✐♥❞✐r❡❝t♦s ♣❛r❛ ❡st✐♠❛r ② ❝✉❛♥t✐✜❝❛r ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦

❡♥ ♦❜s❡r✈❛❝✐♦♥❡s ❞❡ ❘❆s✳

❯♥ ❡❥❡♠♣❧♦ ❞❡ ❡st♦s ♠ét♦❞♦s q✉❡ ✉t✐❧✐③❛ s♦❧♦ ❧❛ ✐♥❢♦r♠❛❝✐ó♥ ❞❡ ❧❛s ♠❡❞✐❝✐♦♥❡s ❞❡❧

❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❡s ❡❧ ❝á❧❝✉❧♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❞❡ ❝♦rr✐❡♥t❡ Hc = j ·B✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s

✈❡❝t♦r✐❛❧❡s ❢♦t♦s❢ér✐❝♦s ♣❡r♠✐t❡♥ ❡st✐♠❛r ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❛ Hc ❞❡❜✐❞❛ ❛ ❧❛s ❝♦♠♣♦♥❡♥t❡s

jz ② Bz✳ ❙✉♣♦♥✐❡♥❞♦ ❞❡s♣r❡❝✐❛❜❧❡ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡ ❧❛s ❝♦rr✐❡♥t❡s tr❛♥s✈❡rs❛❧❡s ✭jx ② jy✮✱

s❡ ✉s❛ ❡st❛ ❝❛♥t✐❞❛❞ ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❞❡ ❝♦rr✐❡♥t❡ t♦t❛❧ ✭❍❛❣✐♥♦ ✫ ❙❛❦✉r❛✐✱

✷✵✵✹❀ P❡✈ts♦✈ ❡t ❛❧✳✱ ✶✾✾✼✮✳ ❊st❛ ❡st✐♠❛❝✐ó♥ ❢✉❡ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝♦♥✜r♠❛r ❧❛ ❡①✐st❡♥❝✐❛ ❞❡

❧❛ ②❛ ♠❡♥❝✐♦♥❛❞❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ✭P❡✈ts♦✈ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❖tr♦ ♠ét♦❞♦ ♣❛r❛ ❝✉❛♥t✐✜❝❛r ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧❛s ❘❆s ❡stá ❜❛s❛✲

❞♦ ❡♥ ❧❛ r❡❝♦♥str✉❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ❛ ♣❛rt✐r ❞❡❧ ❝❛♠♣♦ ♦❜t❡♥✐❞♦ ❡♥ ♠❛❣♥❡t♦❣r❛♠❛s

❢♦t♦s❢ér✐❝♦s✳ P❛r❛ ❡st♦s ♠♦❞❡❧♦s✱ s❡ s✉♣♦♥❡ q✉❡ ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r s❡ s❛t✐s❢❛❝❡ ❧❛ ❝♦♥✲

❞✐❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s✱

∇×B = αB, ✭✷✳✷✮

❡♥ ❞♦♥❞❡ α ❡s ✉♥❛ ❝♦♥st❛♥t❡ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✹ ② ❡♥ ❡❧

❆♣❡♥❞✐❝❡ ❆✳✶ ❞❡s❝r✐❜✐♠♦s ❡♥ ❞❡t❛❧❧❡ ✉♥ ♠ét♦❞♦ ❜❛s❛❞♦ ❡♥ ❧❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❡

❡st❛ ❡❝✉❛❝✐ó♥ q✉❡ ♣❡r♠✐t❡ ❡①tr❛♣♦❧❛r ❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ♦❜s❡r✈❛❞♦ ❛ ❧❛ ❝♦r♦♥❛✳ ❈♦♥ ❧❛

❋❡❜r❡r♦ ✷✵✶✼ ✷✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✷✳✶✳ ❊▼❊❘●❊◆❈■❆ ❉❊ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

✐♥❢♦r♠❛❝✐ó♥ ✈♦❧✉♠étr✐❝❛ ❞❡ B(x, y, z) ♦❜t❡♥✐❞❛ ❞❡❧ ♠♦❞❡❧♦ ❡s ♣♦s✐❜❧❡ ❝❛❧❝✉❧❛r ❧❛ ❝❛♥t✐❞❛❞

❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ❧❛ ❝♦♥✜❣✉r❛❝✐ó♥✳

▲❛ ❡str✉❝t✉r❛ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝♦♥ t♦rs✐ó♥ ❞❡t❡r♠✐♥❛ ♠✉❝❤❛s ❞❡ ❧❛s ❝❛✲

r❛❝t❡ríst✐❝❛s ♦❜s❡r✈❛❞❛s ❡♥ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ▲❛s

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s♦♥ ✉♥❛ ❡✈✐❞❡♥❝✐❛ ❝❧❛r❛ ❞❡ t♦rs✐ó♥ ❡♥ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡ s❡ ♦❜s❡r✈❛

❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❝♦♥ ❢♦r♠❛ Ω ✭✈❡r ❋✐❣✉r❛ ✷✳✷❛✮✳ ❙♦♥ ♣r♦❞✉❝✐❞❛s ♣♦r

❧❛ ♣r♦②❡❝❝✐ó♥ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛③✐♠✉t❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡♥ ❡❧ á♣✐❝❡ ❞❡❧ t✉❜♦✳ ❊st❛ ♣r♦②❡❝❝✐ó♥ ♣r♦✈♦❝❛ ✉♥❛ ❞❡❢♦r♠❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s

❘❆s q✉❡ s❡ ♦❜s❡r✈❛ ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s✳ ❋✉❡r♦♥ r❡♣♦rt❛❞❛s ♦r✐❣✐♥❛❧♠❡♥t❡ ♣♦r ▲ó♣❡③

❋✉❡♥t❡s ❡t ❛❧✳ ✭✷✵✵✵✮ ② ♦❜s❡r✈❛❞❛s ❧✉❡❣♦ ❡♥ ♥✉♠❡r♦s♦s tr❛❜❛❥♦s ✭✈❡r ❈❤❛♥❞r❛ ❡t ❛❧✳✱ ✷✵✵✾❀

▲✐ ❡t ❛❧✳✱ ✷✵✵✼❀ ▲✉♦♥✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❚❛♠❜✐é♥ ❛♣❛r❡❝❡♥ ❡♥ ♥✉♠❡r♦s❛s s✐♠✉❧❛❝✐♦♥❡s ♥✉♠é✲

r✐❝❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ✭❆r❝❤♦♥t✐s ✫ ❍♦♦❞✱ ✷✵✶✵❀ ❏♦✉✈❡ ❡t ❛❧✳✱ ✷✵✶✸❀ ▼❛❝❚❛❣❣❛rt✱

✷✵✶✶✮✳ P❛r❛ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ✹✵ ❘❆s ❜✐♣♦❧❛r❡s✱ ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ❞❡t❡r♠✐♥❛r♦♥ ❡❧ s✐❣♥♦

❞❡ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❛ ♣❛rt✐r ❞❡ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ✉s❛♥❞♦ ♠❛❣♥❡t♦❣r❛♠❛s

❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦✳

❆ ❧♦ ❧❛r❣♦ ❞❡ ❡st❛ t❡s✐s ❡st✉❞✐❛r❡♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❞✉r❛♥t❡

❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ P❛r❛ ❡❧❧♦ r❡❛❧✐③❛♠♦s ✉♥❛ ♣r✐♠❡r❛ ❞❡s❝r✐♣❝✐ó♥ ❞❡ ❧♦s

♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ q✉❡ ♠✉❡str❛♥ ✉♥❛ ❝❧❛r❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❞❡❜✐❞♦ ❛

❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦✳ ▲❛s s✐♠✉❧❛❝✐ó♥ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❞❡s❛rr♦❧❧❛❞❛ ♣♦r

❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮ ♥♦s ♣❡r♠✐t❡ ❡st✉❞✐❛r ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡ ❧❛ t✉r❜✉❧❡♥❝✐❛ ❞❡❧ ♣❧❛s♠❛

❛ ♥✐✈❡❧ ❢♦t♦s❢ér✐❝♦ ❡♥ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ② ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♣❛r❛ ❝❛❞❛

♠♦♠❡♥t♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❯♥ ♠♦❞❡❧♦ ❛♥❛❧ít❝♦ q✉❡ ❞❡s❛rr♦❧❧❛♠♦s ✭❙❡❝❝✐ó♥ ✷✳✸✮✱

✉s❛♥❞♦ ❝♦♠♦ ❜❛s❡ ❡❧ ♣r❡s❡♥t❛❞♦ ❡♥ ❚✐t♦✈ ✫ ❉é♠♦✉❧✐♥ ✭✶✾✾✾✮✱ ♥♦s ♣❡r♠✐t✐rá ❡①♣❧♦r❛r

❡❧ ❡s♣❛❝✐♦ ❞❡ ♣❛rá♠❡tr♦s q✉❡ ♣♦❞rí❛ ❞❡t❡r♠✐♥❛r ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ② s✉ ❞✐str✐❜✉❝✐ó♥

❡♥ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❡♠❡r❣❡♥t❡s✳ ❊♥ ❜❛s❡ ❛ ❡st❡ ♠♦❞❡❧♦ ♣♦❞r❡♠♦s ❛♥❛❧✐③❛r ❧❛ ❡✈♦❧✉❝✐ó♥

♦❜s❡r✈❛❞❛ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♣❛r❛ ✉♥ ❝♦♥❥✉♥t♦ ✈❛r✐❛❞♦ ❞❡ ❘❆s ② ❛sí ❝♦♥♦❝❡r ❧❛s

♣r♦♣✐❡❞❛❞❡s ❞❡ ❧♦s t✉❜♦s q✉❡ ❧❛s ❢♦r♠❛♥✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✷✾ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

✷✳✷✳ ❙✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦

▲♦s ❝✉❛tr♦ ♣r✐♥❝✐♣✐♦s q✉❡ s❛t✐s❢❛❝❡♥ ❡st❛s s✐♠✉❧❛❝✐♦♥❡s s♦♥✿ ✶✮ ❧❛ ❝♦♥s❡r✈❛❝✐ó♥ ❞❡

♠❛s❛✱ ✷✮ ❧❛ ❝♦♥s❡r✈❛❝✐ó♥ ❞❡❧ ♠♦♠❡♥t♦✱ ✸✮ ❧❛ ❝♦♥s❡r✈❛❝✐ó♥ ❞❡ ❧❛ ❡♥❡r❣í❛ ② ✹✮ ❧❛ ❧❡② ❞❡

✐♥❞✉❝❝✐ó♥ ❞❡ ❋❛r❛❞❛②✳ ❊st❛s ❝♦♥st✐t✉②❡♥ ❧❛ ❜❛s❡ ❞❡ ❧♦s ♠♦❞❡❧♦s ▼❍❉ ② ❧❛ ❞❡s❝r✐♣❝✐ó♥

❞❡ ❧❛ ❞✐♥á♠✐❝❛ ❞❡❧ ♣❧❛s♠❛ ♠❛❣♥❡t✐③❛❞♦✳ ❊❧ ❝♦♥❥✉♥t♦ ❞❡ ❡❝✉❛❝✐♦♥❡s ❛s♦❝✐❛❞❛s ❛ ❡st♦s

♣r✐♥❝✐♣✐♦s ❡s ❛♣❧✐❝❛❜❧❡ ❛ ✉♥❛ ❣r❛♥ ✈❛r✐❡❞❛❞ ❞❡ ❝♦♥❞✐❝✐♦♥❡s ❛str♦❢ís✐❝❛s ② ❞❡ ❧❛❜♦r❛t♦r✐♦✱

♣❡r♦ ♥♦ ❢♦r♠❛♥ ✉♥ ❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦ ❞❡ ❡❝✉❛❝✐♦♥❡s✳ ❊s ♥❡❝❡s❛r✐♦ s✉♣♦♥❡r ❛❞❡♠ás ✉♥❛

❡❝✉❛❝✐ó♥ ❞❡ ❡st❛❞♦ q✉❡ ✈✐♥❝✉❧❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ✈❛r✐❛❜❧❡s t❡r♠♦❞✐♥á♠✐❝❛s ❞❡❧ ♣❧❛s♠❛✳

❊♥ ❝❛s♦s ❛♣❧✐❝❛❞♦s ❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ♣❧❛s♠❛ ❡♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ s✉❡❧❡ s✉♣♦♥❡rs❡ ❧❛

❡✈♦❧✉❝✐ó♥ ❛❞✐❛❜át✐❝❛ ❞❡❧ ♣❧❛s♠❛✳ ❊♥ ❡st❡ ré❣✐♠❡♥✱ ❧❛ t❡♠♣❡r❛t✉r❛ ② ♣r❡s✐ó♥ ❞❡❧ ♣❧❛s♠❛

✈❛rí❛♥ só❧♦ ♠❡❞✐❛♥t❡ ❧❛ ❡①♣❛♥s✐ó♥ ♦ ❧❛ ❝♦♠♣r❡s✐ó♥ ✭∇·v 6= 0✮✳ ❊♥ ❡stá s❡❝❝✐ó♥✱ ❞❛♠♦s ✉♥❛

❜r❡✈❡ ✐♥tr♦❞✉❝❝✐ó♥ ❞❡ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧♦s ♠♦❞❡❧♦s ▼❍❉ q✉❡ ❞❡s❝r✐❜❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡❧ ♣❧❛s♠❛ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❛s♦❝✐❛❞❛ ❛ ❧❛ ❢♦r♠❛❝✐ó♥ ❞❡ ❘❆s✳

P♦r ❧♦ ❣❡♥❡r❛❧✱ ❧❛s s✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♣❛rt❡♥ ❞❡ ✉♥❛

❝♦♥❞✐❝✐ó♥ ✐♥✐❝✐❛❧ ♣❛r❛ ❧❛s ❡str✉❝t✉r❛s ♠❛❣♥ét✐❝❛s ✭♣♦r ❡❥❡♠♣❧♦✱ t✉❜♦s✮ q✉❡ s❡ ❡♥❝✉❡♥tr❛♥

❡♥ ❡q✉✐❧✐❜r✐♦ ❤✐❞r♦ést❛t✐❝♦✳ ❊♥ ❡st❡ ❡q✉✐❧✐❜r✐♦ s❡ ❛♥✉❧❛♥ t♦❞❛s ❧❛s ❢✉❡r③❛s s♦❜r❡ ❡❧ ♣❧❛s♠❛

♠❛❣♥❡t✐③❛❞♦ ❛ ❡①❝❡♣❝✐ó♥ ❞❡ ❧❛ ✢♦t❛❝✐ó♥✳ ❊❧ ♣❛rá♠❡tr♦ β✱ ❞❡✜♥✐❞♦ ❝♦♠♦ ❡❧ ❝♦❝✐❡♥t❡ ❡♥tr❡

❧❛ ♣r❡s✐ó♥ ♠❛❣♥ét✐❝❛ ② ❧❛ ♣r❡s✐ó♥ ❞❡❧ ♣❧❛s♠❛✱ ❞❡t❡r♠✐♥❛ ❡❧ ré❣✐♠❡♥ ❞❡ ❢✉❡r③❛s ❛❧ ❝✉❛❧ ❡stá

s♦♠❡t✐❞♦ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❛ ♠❡❞✐❞❛ q✉❡ ❡♠❡r❣❡ ❞❡s❞❡ ❧❛ ❜❛s❡ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ❤❛❝✐❛

❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳ P♦r ❡❥❡♠♣❧♦✱ ❡♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ β ≫ 1 ② ♣♦r ❧♦ t❛♥t♦ ❧❛ ❞✐♥á♠✐❝❛

❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❛ ❛ ❡st❛r ❞♦♠✐♥❛❞❛ ♣♦r ❧♦s ♠♦✈✐♠✐❡♥t♦s ❞❡❧ ♣❧❛s♠❛✱ t❡♥✐❡♥❞♦ ❧❛

s✐t✉❛❝✐ó♥ ♦♣✉❡st❛ ✉♥❛ ✈❡③ q✉❡ ❡❧ t✉❜♦ ❡♠❡r❣❡ ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳ ❊♥ ❧❛ ❚❛❜❧❛ ✶✳✶

♠♦str❛♠♦s ❧♦s ✈❛❧♦r❡s ❞❡❧ tí♣✐❝♦s ❞❡ β ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✳

▲❛ ❝♦♥❞✐❝✐ó♥ ❞❡ ❡q✉✐❧✐❜r✐♦ ♠❛❣♥❡t♦❤✐❞r♦❡stát✐❝♦ ♣❛r❛ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❝♦♠♣❧❡t❛♠❡♥t❡ s✉♠❡r❣✐❞♦ ❡♥ ✉♥ ❛♠❜✐❡♥t❡ ✐sótr♦♣♦ ② ❤♦♠♦❣é♥❡♦ ❡stá ❞❛❞❛ ♣♦r✿

pi +
B2

8π
= pamb, ✭✷✳✸✮

❡♥ ❞♦♥❞❡ pi ② pamb s♦♥ ❧❛ ♣r❡s✐ó♥ ✐♥t❡r♥❛ ② ❧❛ ♣r❡s✐ó♥ ❞❡❧ ❛♠❜✐❡♥t❡ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ②

B ❡s ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ❆❞❡♠ás✱ s✐ ❡❧ ♣❧❛s♠❛ ❞❡♥tr♦

❋❡❜r❡r♦ ✷✵✶✼ ✸✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✷✳✷✳ ❙■▼❯▲❆❈■❖◆❊❙ ◆❯▼➱❘■❈❆❙ ❉❊ ❊▼❊❘●❊◆❈■❆ ❉❊ ❋▲❯❏❖

❞❡❧ t✉❜♦ s❡ ❡♥❝✉❡♥tr❛ ❡♥ ❡q✉✐❧✐❜r✐♦ tér♠✐❝♦ ❝♦♥ ❡❧ ❛♠❜✐❡♥t❡✱ ❧❛ ❞❡♥s✐❞❛❞ ❞❡ ♠❛s❛ ❡♥

❡❧ ✐♥t❡r✐♦r s❡rá ♠❡♥♦r q✉❡ ❧❛ ❞❡❧ ❛♠❜✐❡♥t❡✱ ♣r♦✈♦❝❛♥❞♦ ❧❛ ✢♦t❛❝✐ó♥ ② ❡❧ ❛s❝❡♥s♦ ❞❡ ❧❛

❡str✉❝t✉r❛ ✭✈❡r ❈❤❡✉♥❣ ✫ ■s♦❜❡✱ ✷✵✶✹✱ ② ❝✐t❛s ❛❧❧í ♠❡♥❝✐♦♥❛❞❛s✮✳

▲♦s ♠♦❞❡❧♦s ♥✉♠ér✐❝♦s ❞❡❧ ❛s❝❡♥s♦ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ❞❡s❞❡ ❧❛ ❜❛s❡ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✲

✈❡❝t✐✈❛✱ ❜❛s❛❞♦s ❡♥ ❧❛ ❛♣r♦①✐♠❛❝✐ó♥ ❞❡ t✉❜♦s ❞❡❧❣❛❞♦s ✭❘♦❜❡rts ✫ ❲❡❜❜✱ ✶✾✼✽❀ ❙♣r✉✐t✱

✶✾✽✶✮ r❡♣r♦❞✉❝❡♥ ❧❛s ♣r♦♣✐❡❞❛❞❡s ❣❧♦❜❛❧❡s ❞❡ ❧❛s ❘❆s ❝♦♠♦✿ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✭❉✬❙✐❧✈❛

✫ ❈❤♦✉❞❤✉r✐✱ ✶✾✾✸✮✱ ❧❛ ❧❛t✐t✉❞ ❞❡ ❡♠❡r❣❡♥❝✐❛ ✭❈❛❧✐❣❛r✐ ❡t ❛❧✳✱ ✶✾✾✺✮✱ ② ❧❛ ❛s✐♠❡trí❛ ❡♥

❧❛ ❡①t❡♥s✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣r❡❝❡❞❡♥t❡ ② s✐❣✉✐❡♥t❡ ✭❈❛❧✐❣❛r✐ ❡t ❛❧✳✱ ✶✾✾✽❀ ❋❛♥ ❡t ❛❧✳✱

✶✾✾✸❀ ▼♦r❡♥♦✲■♥s❡rt✐s ❡t ❛❧✳✱ ✶✾✾✹✮✳ ❉❡❜✐❞♦ ❛ q✉❡ ❡stá ❛♣r♦①✐♠❛❝✐ó♥ ♥♦ ❡s ✈á❧✐❞❛ ❡♥ ❧❛

♣❛rt❡ s✉♣❡r✐♦r ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✱ ❡st♦s ♠♦❞❡❧♦s ♥♦ s♦♥ ❛♣❧✐❝❛❜❧❡s ♣❛r❛ ❡st✉❞✐❛r ❧❛

❢♦r♠❛❝✐ó♥ ❞❡ ❧❛s ❘❆s ❡♥ ❧❛ s✉♣❡r✜❝✐❡ s♦❧❛r✳

▲❛s s✐♠✉❧❛❝✐♦♥❡s ✸❉✱ ❜❛s❛❞❛s ❡♥ ❡❧ tr❛t❛♠✐❡♥t♦ ❝♦♠♣❧❡t♦ ❞❡ ❧❛s ❡❝✉❛❝✐♦♥❡s ▼❍❉✱

♣❡r♠✐t❡♥ ✉♥ ❡st✉❞✐♦ ♠ás ❞❡t❛❧❧❛❞♦ ❞❡❧ ♣r♦❝❡s♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❡♥ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ❞❡ ❧❛

③♦♥❛ ❝♦♥✈❡❝t✐✈❛✳ ❊st♦s ♠♦❞❡❧♦s r❡♣r♦❞✉❝❡♥ ❧❛ ❢♦r♠❛❝✐ó♥ ❞❡ ❧❛s ♠❛♥❝❤❛s s♦❧❛r❡s ♠❡❞✐❛♥t❡

❧❛ ❛❝✉♠✉❧❛❝✐ó♥ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛ ♥✐✈❡❧❡s ❢♦t♦s❢ér✐❝♦s ✭❆r❝❤♦♥t✐s ❡t ❛❧✳✱ ✷✵✵✹❀ ❋❛♥❣

❡t ❛❧✳✱ ✷✵✶✵❀ ▼❛❣❛r❛✱ ✷✵✵✻✮✳ ❆❞❡♠ás✱ ❛♣♦rt❛♥ ✐♥❢♦r♠❛❝✐ó♥ ✐♠♣♦rt❛♥t❡ s♦❜r❡ ❡❧ ❞❡s❛rr♦❧❧♦

❞❡ ✐♥❡st❛❜✐❧✐❞❛❞❡s ♠❛❣♥❡t♦❤✐❞r♦❞✐♥á♠✐❝❛s ❡♥ ❧❛ s✉♣❡r✜❝✐❡✱ ♦r✐❣✐♥❛♥❞♦ ❛r❝♦s ❯ ② Ω ✭✈❡r

❙❡❝❝✐ó♥ ✷✳✶✮✱ ❛sí ❝♦♠♦ ❞❡ ❧♦s ♣r♦❝❡s♦s ❞❡ r❡❝♦♥❡①✐ó♥ q✉❡ ♦❝✉rr❡♥ ❞❡❜❛❥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛

q✉❡ ❛❣✐❧✐③❛♥ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ✭❈❤❡✉♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❖tr♦s ♠♦❞❡❧♦s ♠ás r❡❝✐❡♥t❡s ✐♥❝❧✉②❡♥ ♠♦✈✐♠✐❡♥t♦s ❝♦♥✈❡❝t✐✈♦s ❞❡❧ ♣❧❛s♠❛ ② ❡❢❡❝t♦s

❞❡ ❡♥❢r✐❛♠✐❡♥t♦ ♦ ❝❛❧❡♥t❛♠✐❡♥t♦ r❛❞✐❛t✐✈♦✱ ♠♦str❛♥❞♦ q✉❡ ❡st♦s ❡❢❡❝t♦s s♦♥ ✐♠♣♦rt❛♥t❡s

♣❛r❛ ❧❛s ♣r♦♣✐❡❞❛❞❡s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❆❜❜❡tt✱ ✷✵✵✼❀ ❈❤❡✉♥❣ ❡t ❛❧✳✱

✷✵✵✽❀ ❋❛♥❣ ❡t ❛❧✳✱ ✷✵✶✵❀ ■s♦❜❡ ❡t ❛❧✳✱ ✷✵✵✽❀ ❙t❡✐♥ ✫ ◆♦r❞❧✉♥❞✱ ✷✵✵✻❀ ❲❡❜❡r ❡t ❛❧✳✱ ✷✵✶✶✮✳

❆ ♣❡s❛r ❞❡ ❧❛ ❝♦♠♣❧❡♠❡♥t❛r✐❡❞❛❞ ❡♥tr❡ ❧♦s ❞✐st✐♥t♦s ♠♦❞❡❧♦s ♥♦ s❡ ❤❛♥ ❞❡s❛rr♦❧❧❛❞♦ ❛ú♥

♠♦❞❡❧♦s ❝♦♠♣❧❡t♦s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦✳ ❊st♦ s❡ ❞❡❜❡ ❛❧ ❛♠♣❧✐♦ r❛♥❣♦ ❞❡

❧♦♥❣✐t✉❞❡s ② t✐❡♠♣♦s ❝❛r❛❝t❡ríst✐❝♦s ♣r❡s❡♥t❡s ❡♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ❝♦♠♦ ❝♦♥s❡❝✉❡♥❝✐❛

❞❡❧ ❧❛ ❣r❛♥ ✈❛r✐❛❝✐ó♥ ❞❡ ❧❛ ❞❡♥s✐❞❛❞ ❞❡❧ ♣❧❛s♠❛ ❡♥tr❡ ❧❛ ❜❛s❡ ② ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ❞❡ ❧❛

♠✐s♠❛ ✭❛❧ ♠❡♥♦s ❞❡ s❡✐s ór❞❡♥❡s ❞❡ ♠❛❣♥✐t✉❞✮✳ ❆♥t❡ ❡st❛ ❞✐✜❝✉❧t❛❞✱ ❧♦s ❞✐st✐♥t♦s ♠♦❞❡❧♦s

♥✉♠ér✐❝♦s s❡ ❝♦♥❝❡♥tr❛♥ ❡♥ ❧❛ ♣❛rt❡ ✐♥❢❡r✐♦r ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✱ ❞❡❥❛♥❞♦ ❞❡ ❧❛❞♦ ❧♦s

ú❧t✐♠♦s 10 − 20Mm✱ ♦ ❜✐❡♥ ❡♥ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ❝♦♥s✐❞❡r❛♥❞♦ ❧♦s ú❧t✐♠♦s 10Mm ② ❧❛

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✸✶ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❋✐❣✉r❛ ✷✳✹✿ ■♠á❣❡♥❡s ❡♥ ❧✉③ ❜❧❛♥❝❛ ② ♠❛❣♥❡t♦❣r❛♠❛ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛ s✐♠✉❧❛❝✐ó♥ ❞❡

❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮ ❜❛s❛❞❛ ❡♥ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥

✭❝♦rt❡sí❛ ❞❡ ▼❛r❦ ❈❤❡✉♥❣✮✳ ▲❛s ✐♠á❣❡♥❡s ♠✉❡str❛♥ ❧❛s ♣r✐♠❡r❛s ✷✷ ❤♦r❛s ❞❡ ❡♠❡r❣❡♥❝✐❛✳

▲♦s ❝♦♥t♦r♥♦s ❞✐s❝♦♥t✐♥✉♦s ✭✈❡r❞❡ ② r♦❥♦✮ ♠✉❡str❛♥ ❧❛ ❡①t❡♥s✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞ ✭♥❡❣❛t✐✈❛ ② ♣♦s✐t✐✈❛✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✸✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❢♦tós❢❡r❛✳

❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮ ❡st✉❞✐❛r♦♥ ❡❧ ♣r♦❝❡s♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❡♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝✲

t✐✈❛ ✉t✐❧✐③❛♥❞♦ ✉♥❛ ❝❛❥❛ q✉❡ ✐♥❝❧✉②❡ ❛ ❧❛ ❢♦tós❢❡r❛ ❝♦♠♦ ❝♦♥t♦r♥♦ s✉♣❡r✐♦r ② ✉❜✐❝❛♥❞♦ ❡❧

❝♦♥t♦r♥♦ ✐♥❢❡r✐♦r ❛ ✉♥❛ ♣r♦❢✉♥❞✐❞❛❞ ❞❡ ✼✳✺ ▼♠ ♣♦r ❞❡❜❛❥♦ ❞❡ ❧❛ s✉♣❡r✜❝✐❡✳ ❊st❛ s✐♠✉❧❛✲

❝✐ó♥ ✉t✐❧✐③❛ ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ✐♥✐❝✐❛❧ ✉♥ ❝❛♠♣♦ ❞❛❞♦ ♣♦r ♠❡❞✐♦ t♦r♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡

✭t✇✐st✮ ❛ ❧♦ ❧❛r❣♦ ❞❡ s✉ ❡❥❡ q✉❡ ❡s ❛❞✈❡❝t❛❞♦ ❛ tr❛✈és ❞❡❧ ❝♦♥t♦r♥♦ ✐♥❢❡r✐♦r✳ ❆ ♣❡s❛r ❞❡ q✉❡

❡❧ r❡❝✐♥t♦ s❡ ❡①t✐❡♥❞❡ ❛ s♦❧♦ ❡❧ ✸✳✺✪ ❞❡ ❧❛ ♣r♦❢✉♥❞✐❞❛❞ t♦t❛❧ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✱ ❧❛ s✐✲

♠✉❧❛❝✐ó♥ ✉s❛ ✉♥❛ ❡str❛t✐✜❝❛❝✐ó♥ ❡♥ ❛❧t✉r❛ ❝♦♥ ✶✵ ❡s❝❛❧❛s ❞❡ ♣r❡s✐ó♥ ❡♥ ❧❛s q✉❡ ❧❛ ❞❡♥s✐❞❛❞

❞❡❧ ♣❧❛s♠❛ ❝❛❡ ❡♥ ✸ ór❞❡♥❡s ❞❡ ♠❛❣♥✐t✉❞✳ ❊st❛ s✐♠✉❧❛❝✐ó♥ ▼❍❉ ❝♦♥s✐❞❡r❛ ❡❧ tr❛♥s♣♦rt❡

❞❡ ❡♥❡r❣í❛ r❛❞✐❛t✐✈❛ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ❞❡ ❧❛ ❡♥❡r❣í❛ ✭s✉♣♦♥✐❡♥❞♦ ❡q✉✐❧✐❜r✐♦ t❡r♠♦❞✐♥á♠✐❝♦

❧♦❝❛❧✮ ② ✉s❛ ✉♥❛ ❡❝✉❛❝✐ó♥ ❞❡ ❡st❛❞♦ ❝♦♥ ✉♥ t❡♥s♦r ❞❡ ♣r❡s✐ó♥ ✐sótr♦♣♦✳

❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✹ ✈❡♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ s✐♠✉❧❛❞❛ ♣♦r ❡❧ ♠♦❞❡❧♦

❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳✳ ❙❡ r❡❝♦♥str✉②❡♥ t❛♥t♦ ❧❛ ✐♥t❡♥s✐❞❛❞ ❡♥ ❧✉③ ❜❧❛♥❝❛ ❝♦♠♦ ❡❧ ♠❛❣♥❡t♦✲

❣r❛♠❛ s✐♥tét✐❝♦✱ ♠♦str❛♥❞♦ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❢♦t♦s❢ér✐❝❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❡rt✐❝❛❧ ② ❧❛

❢♦r♠❛❝✐ó♥ ❞❡ ♠❛♥❝❤❛s✳ ▲❛ s✐♠✉❧❛❝✐ó♥ ❧♦❣r❛ r❡♣r♦❞✉❝✐r ❛❧❣✉♥♦s ❛s♣❡❝t♦s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛

❞❡ ✢✉❥♦ ❡♥ ❧❛s ❘❆s✳ ▲❛s ♣r✐♠❡r❛s ❡♠❡r❣❡♥❝✐❛s s❡ ♦❜s❡r✈❛♥ ❝♦♠♦ ♣❡q✉❡ñ❛s ❝♦♥❝❡♥tr❛✲

❝✐♦♥❡s ❞❡ ✢✉❥♦ ❢♦t♦s❢ér✐❝♦ q✉❡ ❞❛♥ ♦r✐❣❡♥ ❛ ♣♦r♦s q✉❡ s❡ ❛❧❡❥❛♥ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥

❞❡ ♣♦❧❛r✐❞❛❞ ✭▲■P✮ ❛❧ s❡r ❛rr❛str❛❞❛s ♣♦r ❧♦s ♠♦✈✐♠✐❡♥t♦s ❢♦t♦s❢ér✐❝♦s ❞❡❧ ♣❧❛s♠❛✳ ❊❧

♠♦❞❡❧♦ ♥♦ ✐♥❝❧✉②❡ ❡❢❡❝t♦s ❞❡ ❈♦r✐♦❧✐s✱ ♣♦r ❧♦ q✉❡ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ ❞❡ ❧❛ ❘❆ rá✲

♣✐❞❛♠❡♥t❡ ❝♦♥✈❡r❣❡ ❛ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✲♦❡st❡ ✭❊✲❖✮ ② ♠✉❡str❛ ✉♥❛ ❝❧❛r❛ s✐♠❡trí❛ ❡♥tr❡

❛♠❜❛s ♣♦❧❛r✐❞❛❞❡s✳ ❉✉r❛♥t❡ ❧❛s ♣r✐♠❡r❛s ✷✵ ❤♦r❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ s❡ ✈❡ ❧❛ ❛♣❛r✐❝✐ó♥ ❞❡

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♣r♦♠✐♥❡♥t❡s ② s✐♠étr✐❝❛s q✉❡ ❞❡✜♥❡♥ ✉♥❛ ▲■P ✐♥❝❧✐♥❛❞❛ r❡s♣❡❝t♦ ❞❡

❧❛ ❞✐r❡❝❝✐ó♥ ♥♦rt❡✲s✉r ✭◆✲❙❀ ✈❡r ❧♦s ❝♦♥t♦r♥♦s ❞❡ ❝♦❧♦r r♦❥♦ ② ✈❡r❞❡ q✉❡ ❞❡❧✐♠✐t❛♥ ❧❛ ❡①✲

t❡♥s✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✹✮✳ ❈♦♠♦ ✈❡r❡♠♦s ❡♥ ❧❛ ♣ró①✐♠❛ s❡❝❝✐ó♥✱ ❡st❛ ❢♦r♠❛

q✉❡ ❡①❤✐❜❡♥ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡s ❝❛r❛❝t❡ríst✐❝❛ ❡♥ t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛

♣♦s✐t✐✈❛ ✭▲✉♦♥✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✸✸ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

✷✳✸✳ ▼♦❞❡❧♦ s✐♠♣❧❡ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♠❡r❣❡♥t❡

❊♥ ❡st❛ ❙❡❝❝✐ó♥✱ ❞❡s❝r✐❜✐♠♦s ❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡ q✉❡ ✉t✐❧✐③❛♠♦s ♣❛r❛ ❡st✉❞✐❛r ❧❛s ♣r♦♣✐❡✲

❞❛❞❡s ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ tér♠✐♥♦s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❝♦♥ t♦rs✐ó♥✳ ▲❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❞❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡s❝r✐❜❡♥ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♠✲

♣❛❝t♦ ❞❡✜♥✐❞♦ ♣♦r ♠❡❞✐♦ t♦r♦ ❝♦♥ ✉♥ r❛❞✐♦ ♠❛②♦r R ② ✉♥ r❛❞✐♦ ♠❡♥♦r a ✭❋✐❣✉r❛ ✷✳✺✮✳

▲❛ ❡♠❡r❣❡♥❝✐❛ s❡ ♠♦❞❡❧❛ ❞❡ ❢♦r♠❛ ❝✐♥ét✐❝❛ ❛❧ ♠♦❞✐✜❝❛r ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡❧ ❝❡♥tr♦ ❞❡❧ t♦r♦✱

♦r✐❣✐♥❛❧♠❡♥t❡ ✉❜✐❝❛❞♦ ❛ ✉♥❛ ❛❧t✉r❛ z = −d r❡s♣❡❝t♦ ❞❡ ❧❛ ❢♦tós❢❡r❛✱ ❧♦❝❛❧✐③❛❞❛ ❡♥ z = 0✳

❉✐s♠✐♥✉②❡♥❞♦ ❡❧ ✈❛❧♦r ❞❡ d ≥ 0 ♣r♦❣r❡s✐✈❛♠❡♥t❡ ♣♦❞❡♠♦s ❤❛❝❡r ✉♥❛ r❡❝♦♥str✉❝❝✐ó♥ ❞❡

❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛❧ ♣❧❛♥♦ z = 0 ② ♠♦❞❡❧❛r✱ ❝♦♥ ♠❛❣♥❡t♦❣r❛✲

♠❛s s✐♥tét✐❝♦s✱ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ s✐♥ ♥✐♥❣✉♥❛ ❞❡❢♦r♠❛❝✐ó♥ ✭❡♥ ❝♦♥tr❛st❡

❝♦♥ ❧♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s✮✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s s❡ ♦❜t✐❡♥❡♥

❝❛❧❝✉❧❛♥❞♦ ❧❛ ♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛

♣❛r❛ ❞✐st✐♥t♦s ✈❛❧♦r❡s ❞❡ d✳ ❊❧ ♦❜❥❡t✐✈♦ ❡s ✐❧✉str❛r ❞❡ ♠❛♥❡r❛ r♦❜✉st❛ ❧❛s ❝♦♥s❡❝✉❡♥❝✐❛s ❞❡

❧❛ t♦rs✐ó♥ ❣❧♦❜❛❧ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳ ▲❛ t♦rs✐ó♥

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡stá r❡♣r❡s❡♥t❛❞❛ ♣♦r ♠❡❞✐♦ ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ✭Nt✮ q✉❡ ❞❛♥ ❧❛s

❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ✭✈❡r ❋✐❣✉r❛ ✷✳✺✮✳

✷✳✸✳✶✳ ❚♦r♦✐❞❡ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡

▲❛s ❝♦♦r❞❡♥❛❞❛s ♥❛t✉r❛❧❡s ❞❡❧ t♦r♦ s♦♥ {ρ, φ, θ}✱ ❡♥ ❞♦♥❞❡ ρ ❡s ❧❛ ❞✐st❛♥❝✐❛ ❛❧ ❡❥❡ ❞❡❧

t♦r♦✱ φ ❞❡✜♥❡ ❧❛ ✉❜✐❝❛❝✐ó♥ ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ② θ ❝♦rr❡s♣♦♥❞❡ ❛❧ á♥❣✉❧♦ q✉❡ ❞❡✜♥❡

❧❛ ♣♦s✐❝✐ó♥ ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦✱ ❝♦♠♦ s❡ ✐♥❞✐❝❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✷✳✺✳ ❊st❛s s♦♥ ❧❛s

❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s ❝✉r✈❛❞❛s q✉❡ ❧❧❛♠❛♠♦s ❞❡ ❛❤♦r❛ ❡♥ ♠ás ❝♦♦r❞❡♥❛❞❛s t♦r♦✐❞❛❧❡s✳

❊♥ ❡❧ ♣❧❛♥♦ ❞❡❧ ❡❥❡✱ ❧❧❛♠❛♠♦s ûR ❛❧ ✈❡rs♦r ♥♦r♠❛❧ ❛❧ ❡❥❡ ② ûφ ❛❧ ✈❡rs♦r ❛ ❧♦ ❧❛r❣♦ ❞❡❧

❡❥❡ ✭❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ t♦r♦✐❞❡✮✳ ❆❧ ✈❡rs♦r ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ♣♦❧♦✐❞❛❧ ✭❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧

t♦r♦✐❞❡✮ ❧♦ ❞❡✜♥✐♠♦s ❝♦♠♦ ûθ ② ❛❧ ✈❡rs♦r ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ρ✱ ♥♦r♠❛❧ ❛❧ ❡❥❡ ② ❛

ûθ✱ ❧♦ ❧❧❛♠❛♠♦s ûρ✳ ❙✉s ❝♦♠♣♦♥❡♥t❡s ❝❛rt❡s✐❛♥❛s {x, y, z} s♦♥✿

❋❡❜r❡r♦ ✷✵✶✼ ✸✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❋✐❣✉r❛ ✷✳✺✿ ▼♦❞❡❧♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥✳ ▲❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ t✐❡♥❡♥ ❧❛ ❣❡♦✲

♠❡trí❛ ❞❛❞❛ ♣♦r ♠❡❞✐♦ t♦r♦ ❝♦♥ r❛❞✐♦ ♠❛②♦r R ② s✉ ❝❡♥tr♦ ✉❜✐❝❛❞♦ ❡♥ z = −d✱ ❞❡❜❛❥♦

❞❡❧ ♣❧❛♥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛ ✭z = 0✮✳ ▲❛ t♦rs✐ó♥ ❡s ✉♥✐❢♦r♠❡ ② ♣♦s✐t✐✈❛ ② s❡ ✐❞❡♥t✐✜❝❛ ❝♦♥

❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ✭Nt✮ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❛①✐❛❧ ❛ ❧♦ ❧❛r❣♦ ❞❡

♠❡❞✐♦ t♦r♦ ✭Nt✮✳ ▲❛ ❧í♥❡❛ r♦❥❛ ♠✉❡str❛ ❝♦♠♦ ❡❥❡♠♣❧♦ ❧❛ ❣❡♦♠❡trí❛ ❞❡ ✉♥❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❝♦♥ ✉♥❛ t♦rs✐ó♥ Nt ≈ 6✳ ❊❧ ♠❛❣♥❡t♦❣r❛♠❛ ❢♦t♦s❢ér✐❝♦ ❡stá ❞❛❞♦ ♣♦r ❧❛ ❞✐str✐✲

❜✉❝✐ó♥ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ Bz ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❡❧ ♣❧❛♥♦ z = 0✳ ρ ❡s ❧❛ ❝♦♠♣♦♥❡♥t❡

r❛❞✐❛❧ ❞❡ ❧❛ s❡❝❝✐ó♥ ❞❡❧ t♦r♦ q✉❡ ✈❛rí❛ ❡♥tr❡ 0 ② a❀ φ ② θ s♦♥ ❧❛s ❝♦♦r❞❡♥❛❞❛s ❛♥❣✉❧❛r❡s ❛

❧♦ ❧❛r❣♦ ② ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t♦r♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

ûR = {cosφ, 0, sinφ},

ûφ = {− sinφ, 0, cosφ},

ûρ = {cosφ cos θ, sin θ, sinφ cos θ}, ✭✷✳✹✮

ûθ = {− cosφ sin θ, cos θ,− sinφ sin θ}.

❉❡✜♥✐❡♥❞♦ ✉♥ ♣✉♥t♦ M ❡♥ ❡❧ t♦r♦✱ ✉❜✐❝❛❞♦ ❡♥ OM = R ûR + ρ ûρ − d ûz ✭❝♦♥ O ❡♥

❡❧ ❝❡♥tr♦ ❞❡❧ t♦r♦✮✱ ❞❡s❝r✐❜✐♠♦s s✉s ❝♦♠♣♦♥❡♥t❡s ❡♥ ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s ❝♦♠♦✿

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✸✺ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

OM = {x, y, z}

= {(R+ ρ cos θ) cosφ, ρ sin θ, (R+ ρ cos θ) sinφ− d}. , ✭✷✳✺✮

❊st❛ ❡①♣r❡s✐ó♥ ♣r♦✈❡❡ ❧❛ tr❛♥s❢♦r♠❛❝✐ó♥ ❞❡ ❝♦♦r❞❡♥❛❞❛s ♥❡❝❡s❛r✐❛ ♣❛r❛ ❝♦♥str✉✐r ❧♦s

♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ❝♦♠♦ ❧❛ ♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ♥♦r♠❛❧ ✭Bz|z=0✮

❛❧ ♣❧❛♥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛✳ P✉❡❞❡ ♦❜t❡♥❡rs❡ ❛s✐♠✐s♠♦ ❧❛ tr❛♥s❢♦r♠❛❝✐ó♥ ✐♥✈❡rs❛ ❡♥tr❡ ❧❛s

❝♦♦r❞❡♥❛❞❛s t♦r♦✐❞❛❧❡s ② ❝❛rt❡s✐❛♥❛s✱ ❞❛❞❛ ♣♦r✿

R+ ρ cos θ =
√
x2 + (z + d)2,

ρ =

√
y2 + (

√
x2 + (z + d)2 −R)2,

sinφ = (z + d)/
√

x2 + (z + d)2,

cosφ = x/
√

x2 + (z + d)2, ✭✷✳✻✮

sin θ = y/ρ,

cos θ = (
√

x2 + (z + d)2 −R)/ρ.

▲❛ t♦rs✐ó♥ ✉♥✐❢♦r♠❡ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❡❥❡ ❞❡❧ t♦r♦ s❡ ♦❜t✐❡♥❡

r❡❧❛❝✐♦♥❛♥❞♦ ❧❛s ❝♦♦r❞❡♥❛❞❛s θ ② φ✿

θ = 2Ntφ+ θ0, ✭✷✳✼✮

❡♥ ❞♦♥❞❡ θ0 ❡s ✉♥❛ ❝♦♥st❛♥t❡ ✭✈❛❧♦r ❞❡ θ ♣❛r❛ φ = 0✮ ② Nt ❡s ✉♥ ♣❛rá♠❡tr♦ ❝♦♥st❛♥t❡

q✉❡ ❞❡✜♥❡ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ ♠❡❞✐♦ t♦r♦✐❞❡✳

❯♥❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦ ❡stá ❞❡✜♥✐❞❛ ♣♦r ❧❛ ❝✉r✈❛ t❛♥❣❡♥t❡ ❛ B✱ ❝♦♥ ❧♦ ❝✉❛❧✱ ❛❧ ❞✐❢❡r❡♥❝✐❛r

❧❛ ♣♦s✐❝✐ó♥ ❞❡ M ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✺✮✱ dOM ❡s ♣❛r❛❧❡❧♦ ❛ B✿

dOM = dρ ûρ + ρ dθ ûθ + (R+ ρ cos θ) dφ ûφ . ✭✷✳✽✮

❊st♦ ✐♠♣❧✐❝❛ q✉❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛③✐♠✉t❛❧ ❞❡❧ ❝❛♠♣♦✱ Bθ✱ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♥ ❧❛

❝♦♠♣♦♥❡♥t❡ ❛①✐❛❧✱ Bφ✱ ❛ tr❛✈és ❞❡ ❧❛ ❡①♣r❡s✐ó♥✿

❋❡❜r❡r♦ ✷✵✶✼ ✸✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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dθ

dφ
=

R+ ρ cos θ

ρ

Bθ

Bφ
= 2Nt . ✭✷✳✾✮

❊st❛ ú❧t✐♠❛ ❡❝✉❛❝✐ó♥ ♠✉❡str❛ ❝♦♠♦ ❧❛ t♦rs✐ó♥ ❧♦❝❛❧ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ s♦❜r❡ ❡❧

t♦r♦✐❞❡ ❡s ❝♦♥st❛♥t❡✳

❆ s✉ ✈❡③✱ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ B s❛t✐s❢❛❝❡ q✉❡ ∇ ·B = 0✳ ❊①♣r❡s❛❞♦ ❡♥ ❝♦♦r❞❡♥❛❞❛s

t♦r♦✐❞❛❧❡s✿

∇ ·B =

(
∂ρ (R+ ρ cos θ) Bρ

∂ρ
+

∂(R+ ρ cos θ) Bθ

∂θ
+ ρ

∂Bφ

∂φ

)

/(
ρ
(
R+ ρ cos θ

))
= 0 . ✭✷✳✶✵✮

❈♦♥ ❡❧ ✜♥ ❞❡ ♦❜t❡♥❡r ✉♥ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ s✐♠♣❧❡✱ ♥♦ ❡s♣❡❝✐✜❝❛♠♦s ✉♥ ❜❛❧❛♥❝❡ ❞❡

❢✉❡r③❛s✳ ❙✐♥ ❡♠❜❛r❣♦✱ s✉♣♦♥❡♠♦s q✉❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❡stá♥ s✐♠étr✐❝❛♠❡♥t❡ ✉❜✐❝❛❞❛s

s♦❜r❡ ❡❧ t♦r♦✱ s✐❡♥❞♦ ρ ✐♥❞❡♣❡♥❞✐❡♥t❡ ❞❡ φ✳ ❊st❛ s✐♠❡trí❛ ✐♠♣❧✐❝❛ q✉❡ Bρ = 0✱ ❛♥✉❧❛♥❞♦ ❡❧

♣r✐♠❡r tér♠✐♥♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✵✮✳ ❘❡❞✉❝✐♠♦s ❧❛ ❝♦♠♣❧❡❥✐❞❛❞ ❞❡❧ ♣r♦❜❧❡♠❛ t♦♠❛♥❞♦

❡❧ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❡♥ ❡❧ q✉❡ ❧❛s ❞❡r✐✈❛❞❛s r❡s♣❡❝t♦ ❞❡ θ ② ❞❡ φ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✵✮ s♦♥

♥✉❧❛s ②✱ ♣♦r ❧♦ t❛♥t♦✱ Bθ ûθ ② Bφ ûφ t✐❡♥❡♥ ❞✐✈❡r❣❡♥❝✐❛ ❝❡r♦✳ ❈♦♥ ❡st❛ s✐♠♣❧✐✜❝❛❝✐ó♥✱ ❧❛s

❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣✉❡❞❡♥ ❡s❝r✐❜✐rs❡ ❝♦♠♦✿ Bθ = fθ(ρ, φ)/(R + ρ cos θ)

② Bφ = fφ(ρ, θ)✱ ❡♥ ❞♦♥❞❡ fθ ② fφ s♦♥ ❞♦s ❢✉♥❝✐♦♥❡s ❣❡♥❡r❛❧❡s✳

▲❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡ fθ ❝♦♥ φ ✐♥tr♦❞✉❝✐rí❛ ✉♥❛ ❛s✐♠❡trí❛ ❡♥tr❡ ❛♠❜♦s ♣✐❡s ❞❡❧ t✉❜♦✱

♣❡r♦✱ ❛❧ ♥♦ ❝♦♥s✐❞❡r❛r ❡♥ ♥✉❡str♦ ♠♦❞❡❧♦ ❡st❛ ❛s✐♠❡trí❛✱ t♦♠❛♠♦s fθ = fθ(ρ)✳ P♦r ♦tr♦

❧❛❞♦✱ s✐ fφ ❡s só❧♦ ❢✉♥❝✐ó♥ ❞❡ ρ✱ ❧❛ ✐♥t❡❣r❛❝✐ó♥ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ✐♠♣❧✐❝❛♥ q✉❡

Bθ = 2 ρNtBφ/(R + ρ cos θ)✳ ❚r❛❜❛❥♦s ♣r❡✈✐♦s ❞❡ ❊♠♦♥❡t ✫ ▼♦r❡♥♦✲■♥s❡rt✐s ✭✶✾✾✽✮

❞❡✜♥❡♥ ❛❧ ❝❛♠♣♦ ❛①✐❛❧ ❝♦♠♦ Bφ = B0 exp(−(ρ/a)2)✱ ❡♥ ❞♦♥❞❡ 2a ❞❡✜♥❡ ❡❧ ❞✐á♠❡tr♦ ❞❡❧

t✉❜♦ ❞❡ ✢✉❥♦ ② B0 ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ❡♥ ❡❧ ❡❥❡✱ ❝♦♥ ❧♦ ❝✉❛❧ ❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ q✉❡❞❛

❞❡✜♥✐❞♦ ❝♦♠♦✿

Bθ(ρ, θ) = 2 ρ NtB0 e−(ρ/a)2 /(R+ ρ cos θ) . ✭✷✳✶✶✮

❊❧ ✈❡❝t♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ B = Bθ ûθ + Bφ ûφ✱ ♣✉❡❞❡ ❡①♣r❡s❛rs❡ ❡♥ ❝♦♦r❞❡♥❛❞❛s

❝❛rt❡s✐❛♥❛s ✉s❛♥❞♦ ❧❛ tr❛♥s❢♦r♠❛❝✐ó♥ ✭✷✳✻✮ ② ❧❛ ❞❡✜♥✐❝✐ó♥ ❞❡ ❧♦s ✈❡rs♦r❡s ❞❡ ❧❛s ❡❝✉❛❝✐♦♥❡s

✭✷✳✹✮✿

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✸✼ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

B =
B0 e−(ρ/a)2

√
x2 + (z + d)2

{
− 2Nt x y√

x2 + (z + d)2
− (z + d),

2Nt(
√

x2 + (z + d)2 −R), ✭✷✳✶✷✮

− 2Nt(z + d) y√
x2 + (z + d)2

+ x

}
.

▲❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛✱ ❞❡✜♥✐❞❛ ♣♦r d ❛ ❝❛❞❛ ♠♦♠❡♥t♦ ❞❡ ❧❛

❡♠❡r❣❡♥❝✐❛✱ ❡stá ❞❛❞❛ ♣♦r✿

Bz(x, y) = B0 (x− 2 y Nt d /u) e−(ρ/a)2 /u , ✭✷✳✶✸✮

❝♦♥ u =
√
x2 + d2✳ ❆ ♠❡❞✐❞❛ q✉❡ d ❞❡❝r❡❝❡ ❞❡s❞❡ d ≈ R + a ❛ d ≈ 0✱ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✸✮

r❡♣r♦❞✉❝❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ Ω ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡ q✉❡ ❡♠❡r❣❡ s✐♥ ❞❡✲

❢♦r♠❛❝✐♦♥❡s ❛ tr❛✈és ❞❡ ❧❛ ❢♦tós❢❡r❛✳ ❊st❡ ❛s❝❡♥s♦ ❝✐♥❡♠át✐❝♦ ♥♦ t✐❡♥❡ ❡♥ ❝✉❡♥t❛ ♥✐♥❣ú♥

❡❢❡❝t♦ ❞❡ ❞❡❢♦r♠❛❝✐ó♥ ❞❡❧ t✉❜♦ ❡♥ sí ♠✐s♠♦ ❝♦♠♦ ❧♦s q✉❡ s❡ ♦❜s❡r✈❛♥ ❡♥ s✐♠✉❧❛❝✐♦♥❡s

▼❍❉ ✭✈❡r ❋✐❣✉r❛ ✷✳✹✮ ② só❧♦ ❞❡s❝r✐❜❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❣❧♦❜❛❧ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♠❛❣♥ét✐❝❛s

❞❡ ❘❆s ❜✐♣♦❧❛r❡s t❛❧ ❝♦♠♦ s❡ ❧❛s ♦❜s❡r✈❛ ❡♥ ♠❛❣♥❡t♦❣r❛♠❛s ❢♦t♦s❢ér✐❝♦s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✻

✈❡♠♦s ❝♦♠♦ ❧❛ ❞❡❢♦r♠❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡stá ❞❡t❡r♠✐♥❛❞❛ ♣♦r ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳

▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ✉t✐❧✐③❛r♦♥ ❡st❡ ♠♦❞❡❧♦ ♣❛r❛ ❡st✉❞✐❛r ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡ ❡❧ ♥ú♠❡✲

r♦ ❞❡ ✈✉❡❧t❛s Nt s♦❜r❡ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❢♦t♦s❢ér✐❝❛s✳ ❊❧ ♣❛rá♠❡tr♦ q✉❡

❞❡✜♥❡ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❝❛r❛❝t❡r✐③❛ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ❛❧r❡❞❡❞♦r ❞❡❧ ❝❡♥tr♦ ❞❡ ✢✉❥♦ ❞❡

❝❛❞❛ ♣♦❧❛r✐❞❛❞✳ ❊♥ ❡❧ ♠♦❞❡❧♦ ❞❡ ❧❛ ❋✐❣✉r❛ ✷✳✻ s❡ ♣✉❡❞❡♥ ❞❡✜♥✐r✱ ❛♣r♦①✐♠❛♥❞♦ ❛ ❧❛s ♣♦✲

❧❛r✐❞❛❞❡s ♣♦r ❡❧✐♣s❡s ❝♦♥ ✉♥ ❡❥❡ ♠❛②♦r q✉❡ ✐♥❞✐❝❛rí❛ ❧❛ ❡①t❡♥s✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ② ♦tr♦

♠❡♥♦r ♦rt♦❣♦♥❛❧ ❛❧ ♣r✐♠❡r♦✳ ▲❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❧❛ ❧♦♥❣✐t✉❞ ❞❡ ❧♦s s❡❣♠❡♥t♦s ❞❡✜♥✐❞♦s

♣♦r ❛♠❜♦s ❡❥❡s ✭♥♦r♠❛❧✐③❛❞♦ ♣♦r ❡❧ t❛♠❛ñ♦ ♠❡❞✐♦ ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞✮ ❞❛ ✉♥❛ ♥♦❝✐ó♥ ❞❡❧

❣r❛❞♦ ❞❡ ❞❡❢♦r♠❛❝✐ó♥ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞✱ s✐❡♥❞♦ ❝❡r♦ ❝✉❛♥❞♦ ❧❛ ♣♦❧❛r✐❞❛❞ ❢♦r♠❛ ✉♥ ❝ír❝✉❧♦

✭❋✐❣✉r❛ ✷✳✻❛✮✳ P❛r❛ ✉♥❛ ❞❡✜♥✐❝✐ó♥ ❞❡t❛❧❧❛❞❛ ❞❡ ❡st❡ ♣❛rá♠❡tr♦ ✈❡r ❡❧ ❛♣é♥❞✐❝❡ ❇✳✷ ❡♥

▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮✳

▲❛ ❋✐❣✉r❛ ✷✳✼ ♠✉❡str❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❡st❛ ❝❛♥t✐❞❛❞ ♣❛r❛ ❞✐st✐♥t♦s ✈❛❧♦r❡s ❞❡❧ ♥ú♠❡r♦

❞❡ ✈✉❡❧t❛s✳ ❆q✉í s❡ r❡♣r❡s❡♥t❛ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❝♦♠♦ ❢✉♥❝✐ó♥ ❞❡❧ ✢✉❥♦

❋❡❜r❡r♦ ✷✵✶✼ ✸✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✷✳✸✳ ▼❖❉❊▲❖ ❙■▼P▲❊ ❉❊ ❯◆ ❚❯❇❖ ❉❊ ❋▲❯❏❖ ▼❆●◆➱❚■❈❖ ❊▼❊❘●❊◆❚❊

Nt=0

Nt=0.5

Nt=2

Nt=1

(a)

(b)

(c)

(d)

❋✐❣✉r❛ ✷✳✻✿ ▼❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s

♣r♦❞✉❝✐❞♦s ♣♦r ❧❛ ♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠✲

♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛❧ ♣❧❛♥♦ z = 0 ❞❡

✉♥ t♦r♦ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ② ✉♥✐❢♦r♠❡

✭Nt = 0, 0,5, 1, 2✮✳ ▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐✲

♥✉♦s ✭❞✐s❝♦♥t✐♥✉♦s✮ ② ❡❧ ár❡❛ ❡♥ ❡s❝❛❧❛s

❞❡ r♦❥♦ ✭❛③✉❧✮ ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ s❛❧✐❡♥t❡ ✭❡♥tr❛♥t❡✮✳

❊♥ t♦❞♦s ❧♦s ❝❛s♦s ❡❧ ❝❡♥tr♦ ❞❡❧ t♦r♦✱

O✱ s❡ ❡♥❝✉❡♥tr❛ ❛ ✉♥❛ ❛❧t✉r❛ −d/2 q✉❡

❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ♠✐t❛❞ ❞❡ ❧❛ ❡♠❡r❣❡♥✲

❝✐❛ ❞❡❧ t✉❜♦✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✸✾ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❋✐❣✉r❛ ✷✳✼✿ ❊❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ❢r❛❝❝✐ó♥ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❡♠❡r❣✐❞♦ ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ▲♦s ❝♦❧♦r❡s ✐♥❞✐❝❛♥ ❞✐st✐♥t♦s

✈❛❧♦r❡s ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt ✉s❛❞♦s ❡♥ ❡❧ ♠♦❞❡❧♦ ✭❛③✉❧✿ Nt = 0,25✱ ❝✐á♥✿ Nt = 0,5✱

✈❡r❞❡✿ Nt = 0,75✱ ❛♠❛r✐❧❧♦✿ Nt = 1✱ r♦❥♦✿ Nt = 1,5✱ ♥❡❣r♦✿ Nt = 2✮✳

♥♦r♠❛❧✐③❛❞♦ ❛❧ ♠á①✐♠♦ ② ✈❡♠♦s q✉❡ ❡s ✉♥ ♣❛rá♠❡tr♦ q✉❡ ❝r❡❝❡ ❝♦♥ ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦✳

P❛r❛ ✉♥ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❡♥tr❡ ✵ ② ✶✱ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❡s ♠á①✐♠❛ ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛

❡♠❡r❣❡♥❝✐❛ ② ❞✐s♠✐♥✉②❡ ❛ ❝❡r♦ ✉♥❛ ✈❡③ q✉❡ ❛❧❝❛♥③❛ ❡❧ ✢✉❥♦ ♠á①✐♠♦✳ ❈✉❛♥❞♦ ❧❛ t♦rs✐ó♥

❡s ♠❛②♦r✱ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❛❧ ✢✉❥♦ t♦t❛❧ ❞❡ ❧❛ r❡❣✐ó♥ ♠♦❞❡❧❛❞❛

♣r♦✈♦❝❛ ✉♥ ♠á①✐♠♦ ❞❡ ✢✉❥♦ ❛♥t❡s ❞❡ q✉❡ ❡❧ t✉❜♦ ❤❛②❛ ❡♠❡r❣✐❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡✳ ❊st♦

❡①♣❧✐❝❛ ❧❛ ❝♦♥✈❡r❣❡♥❝✐❛ q✉❡ t✐❡♥❡♥ ❧❛s ❝✉r✈❛s ❝♦♥ Nt = 1,5 ✭r♦❥❛✮ ② Nt = 2 ✭♥❡❣r❛✮ ❡♥ ❧❛

❋✐❣✉r❛ ✷✳✼✳ ❊st❡ ♣❛rá♠❡tr♦ ❢✉❡ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ② ❧❛ ❛s✐♠❡trí❛ ❞❡

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ ❘❆s ❜✐♣♦❧❛r❡s✱ ❝♦♠♣❧❡♠❡♥t❛♥❞♦ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡s❛rr♦❧❧❛❞♦ ❡♥

❡❧ ❈❛♣ít✉❧♦ ✸✳

❋❡❜r❡r♦ ✷✵✶✼ ✹✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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✷✳✸✳✷✳ ❚♦r♦✐❞❡ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡

❊♥ ❡st❡ ❝❛s♦✱ ❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ ❞❡ ✉♥❛ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ❛❣r❡❣❛♥❞♦ ❛❧ ♥ú♠❡r♦

❞❡ ✈✉❡❧t❛s Nt ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❝♦♥ ρ✿

Nt(ρ) = Nt,0 max(1 + h (ρ/a)2, 0) , ✭✷✳✶✹✮

❡♥ ❞♦♥❞❡ h ❡s ✉♥ ♣❛rá♠❡tr♦ ❞❡✜♥✐❞♦ ❞❡ ♠❛♥❡r❛ t❛❧ q✉❡ ♣❛r❛ h = 0✱ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ♣♦s❡❡

✉♥❛ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ❊❧ ✈❛❧♦r ❞❡ h > 0 ✐♠♣❧✐❝❛ q✉❡ ❧❛ t♦rs✐ó♥ ❡stá ♠ás ❝♦♥❝❡♥tr❛❞❛ ❡♥

❡❧ ❜♦r❞❡ ❞❡❧ t✉❜♦❀ ♣♦r ❡❥❡♠♣❧♦✱ s✐ h = 1 ❧❛ t♦rs✐ó♥ ❡♥ ρ = a ❞✉♣❧✐❝❛ s✉ ✈❛❧♦r ❡♥ ❡❧ ❝❡♥tr♦✳

❉❡ ♠❛♥❡r❛ ♦♣✉❡st❛✱ h < 0 ❝♦rr❡s♣♦♥❞❡ ❛ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❡♥ ❞♦♥❞❡ ❧❛ t♦rs✐ó♥ ❞❡❝r❡❝❡

❞❡s❞❡ ❡❧ ❡❥❡ ❤❛st❛ ❡❧ ❜♦r❞❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ❚♦♠❛♥❞♦ ❡❧ ♠á①✐♠♦ ❞❡ ❧❛ ❡①♣r❡s✐ó♥ ❡♥tr❡

♣❛ré♥t❡s✐s ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✸✮ ❡✈✐t❛♠♦s ❡❧ ❝❛♠❜✐♦ ❞❡ s✐❣♥♦ ❞❡ Nt(ρ) ❞❡♥tr♦ ❞❡❧ t✉❜♦ ❞❡

✢✉❥♦✱ ❧♦ q✉❡ ♣r♦❞✉❝✐rí❛ ❢✉❡rt❡s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❞❡ s✐❣♥♦ ♦♣✉❡st♦ ❡♥ ❡❧ ❝❡♥tr♦ ❞❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ✭♥♦ ♦❜s❡r✈❛❞♦ ❡♥ ❘❆s✮✳ ❯t✐❧✐③❛♠♦s ✈❛❧♦r❡s ♣❛r❛ h ≥ −1 ❞❡ t❛❧ ♠❛♥❡r❛ q✉❡

❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡♥tr♦ ❞❡❧ t✉❜♦✱ ρ < a✱ ♥♦ s❡ ✈❡❛ ❛❢❡❝t❛❞♦✳

❊♥ ✉♥ s❡❣✉♥❞♦ ❝❛s♦ ❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ ❞❡ ✉♥❛ t♦rs✐ó♥ q✉❡ ✈❛rí❛ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛

❞✐r❡❝❝✐ó♥ ❛③✐♠✉t❛❧✳ ▲❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✵✮ ♣❡r♠✐t❡ ❞❡✜♥✐r ✉♥❛ ❢♦r♠❛ ❣❡♥❡r❛❧ ♣❛r❛ ❧❛ ❝♦♠♣♦✲

♥❡♥t❡ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ Bφ ✐♥❝♦r♣♦r❛♥❞♦ ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❡♥ θ ✭❝♦♥ fφ(ρ, θ)✮✳ ❉❡❜✐❞♦ ❛

q✉❡ Bθ ② Bφ s♦♥ ✐♥❞❡♣❡♥❞✐❡♥t❡s ✭❝♦♥ ❧❛ s✐♠♣❧✐✜❝❛❝✐ó♥ ❞❡ q✉❡ ❛♠❜❛s ❞✐✈❡r❣❡♥❝✐❛s s❡❛♥

♥✉❧❛s✮✱ ❡s❝♦❣✐♠♦s ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ♠ás s✐♠♣❧❡ ❡♥ θ ♣❛r❛ r❡❛❧✐③❛r ♥✉❡str♦ ♠♦❞❡❧♦✿

Bφ(ρ, θ) = B0 asy(θ) e−(ρ/a)2 ,

❝♦♥ asy(θ) = (1 + g cos θ) , ✭✷✳✶✺✮

❡♥ ❞♦♥❞❡ g ❡s ✉♥ ♣❛rá♠❡tr♦ q✉❡ ❝♦♥tr♦❧❛ ❡❧ ❣r❛❞♦ ❞❡ ❛s✐♠❡trí❛ ❛①✐❛❧ ❞❡ Bφ✳ ❊❧ tér♠✐♥♦

cos θ ✐♥tr♦❞✉❝❡ ✉♥❛ ✈❛r✐❛❝✐ó♥ ❡s♣❛❝✐❛❧ ❧✐♥❡❛❧ ❞❡ Bφ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ûR ✭♦rt♦❣♦♥❛❧ ❛❧ ❡❥❡

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✮✳ ❚❛♠❜✐é♥ t✐❡♥❡ ❧❛ ♣r♦♣✐❡❞❛❞ ❞❡ ♣r❡s❡r✈❛r ❡❧ ✢✉❥♦ t♦t❛❧ ❞❡ Bφ❀ ♣♦r ❧♦

❝✉❛❧✱ ❝❛♠❜✐❛r ❡❧ ✈❛❧♦r ❞❡ g só❧♦ r❡❞✐str✐❜✉②❡ Bφ ❞❡♥tr♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳

❊♥ ❡st❡ ❝❛s♦ ❧❛ ❡❝✉❛❝✐ó♥ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦ s❡ ❡s❝r✐❜❡ ❝♦♠♦✿

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✹✶ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

dθ

dφ
=

R+ ρ cos θ

ρ

Bθ

Bφ
=

2Nt(ρ)

1 + g cos θ
. ✭✷✳✶✻✮

❊st♦ ✐♠♣❧✐❝❛ q✉❡ ❧❛ t♦rs✐ó♥ ❧♦❝❛❧ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✱ dθ/dφ✱ ❡s ♠❡♥♦r ❡♥ ❧❛ ♣❛rt❡

s✉♣❡r✐♦r ❞❡❧ t✉❜♦ ✭θ ≈ 0✮ ② ♠❛②♦r ❡♥ ❧❛ ♣❛rt❡ ✐♥❢❡r✐♦r ✭θ ≈ π✮ ♣❛r❛ g > 0✱ s✐❡♥❞♦ ❞❡

❢♦r♠❛ ❝♦♥tr❛r✐❛ ❝✉❛♥❞♦ g < 0✳

❊❧ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡❧ ♠♦❞❡❧♦✱ ✐♥❝❧✉②❡♥❞♦ ❧♦s ❡❢❡❝t♦s ❞❡ ❧❛ ❛s✐♠❡trí❛ ❛①✐❛❧ ✭asy✮ ② ❡❧

♣❡r✜❧ r❛❞✐❛❧ ❞❡ t♦rs✐ó♥ ✭Nt(ρ)✮✱ q✉❡❞❛ ❞❡✜♥✐❞♦ ♣♦r ❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ❡♥ z = 0✿

Bz(x, y) = B0 (x asy − 2 y Nt(ρ) d /u) e−(ρ/a)2 /u , ✭✷✳✶✼✮

❡♥ ❞♦♥❞❡ ❤❡♠♦s ✉t✐❧✐③❛❞♦ ❡❧ ♠✐s♠♦ ♣r♦❝❡❞✐♠✐❡♥t♦ q✉❡ s❡ ✉s♦ ♣❛r❛ ♦❜t❡♥❡r ❧❛ ❡❝✉❛✲

❝✐ó♥ ✭✷✳✶✸✮✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✷✳✽ ♠♦str❛♠♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s q✉❡ ❝♦rr❡s♣♦♥❞❡♥ ❛ ✉♥ t✉❜♦

❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ✭Nt = 0,5✮ ② ✈❛❧♦r❡s ❞❡ ❧♦s ♣❛rá♠❡tr♦s h ② g ❡①tr❡♠♦s✳

▲❛ ▲■P ❝♦rr❡s♣♦♥❞❡ ❛❧ ❝♦♥t♦r♥♦ s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❡♥ ❞♦♥❞❡ Bz = 0✱ ♣♦r ❧♦

t❛♥t♦✱ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✼✮ s❡ ♦❜t✐❡♥❡✿

x = 2 y Nt d /(asy
√

x2 + d2) . ✭✷✳✶✽✮

❊♥ ❧❛ ♣❛rt❡ ❝❡♥tr❛❧ ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛✱ ♦ s❡❛ ❞♦♥❞❡ |x| << d✱ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✽✮ ❡s

❛♣r♦①✐♠❛❞❛♠❡♥t❡✿

x ≈ 2 y Nt,0 (1 + h ρ2/a2)/(1 + g cos θ) , ✭✷✳✶✾✮

❡♥ ❞♦♥❞❡ ρ ② θ ♣✉❡❞❡♥ s❡r ❡①♣r❡s❛❞❛s ❡♥ ❢✉♥❝✐ó♥ ❞❡ (x, y, d) ✭❡♥ z = 0✮✳ ❈♦♥ ❧♦ ❝✉❛❧ ❧❛

❡❝✉❛❝✐ó♥ ❞❡ ❧❛ ▲■P s❡ s✐♠♣❧✐✜❝❛ ❛✿

x ≈ 2 y Nt,0 ó tan τc = 2 Nt,0 , ✭✷✳✷✵✮

❡♥ ❞♦♥❞❡ τc ❡s ❡❧ á♥❣✉❧♦ q✉❡ ❡♥tr❡ ❧❛ ▲■P ② ❧❛ ❞✐r❡❝❝✐ó♥ x s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛✳ P❛r❛

✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡ ✭h = g = 0✮✱ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✽✮ ✐♠♣❧✐❝❛ q✉❡ x ∝ y

♣❛r❛ |x| << d✱ ❝♦♥ ❧♦ ❝✉❛❧ ❧❛ ▲■P ❡s r❡❝t❛ ② τc ❡s ❝♦♥st❛♥t❡ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊st❛

r❡❧❛❝✐ó♥ s❡ ❝✉♠♣❧❡ ❡♥ ✉♥❛ ③♦♥❛ ❞❡❧ ár❡❛ ❝❡♥tr❛❧ ❞❡❧ ❜✐♣♦❧♦ q✉❡ ❞✐s♠✐♥✉②❡ ❝♦♥ d ❞✉r❛♥t❡ ❧❛

❋❡❜r❡r♦ ✷✵✶✼ ✹✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✷✳✸✳ ▼❖❉❊▲❖ ❙■▼P▲❊ ❉❊ ❯◆ ❚❯❇❖ ❉❊ ❋▲❯❏❖ ▼❆●◆➱❚■❈❖ ❊▼❊❘●❊◆❚❊

h=1

h=-1

g=-0.8

g=0.8

(a)

(b)

(c)

(d)

❋✐❣✉r❛ ✷✳✽✿ ▼❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s

♣r♦❞✉❝✐❞♦s ♣♦r ❧❛ ♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠✲

♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛❧ ♣❧❛♥♦ z = 0

❞❡ ✉♥ t♦r♦ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡✳

▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐♥✉♦s ✭❞✐s❝♦♥t✐♥✉♦s✮

② ❡❧ ár❡❛ ❡♥ ❡s❝❛❧❛s ❞❡ ❝♦❧♦r r♦❥♦ ✭❛③✉❧✮

❝♦rr❡s♣♦♥❞❡♥ ❛❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r✲

♠❛❧ s❛❧✐❡♥t❡ ✭❡♥tr❛♥t❡✮✳ ✭❛✮ ② ✭❜✮ ❝♦✲

rr❡s♣♦♥❞❡♥ ❛❧ ♠♦❞❡❧♦ ❝♦♥ ✉♥ ♣❡r✜❧ ❞❡

t♦rs✐ó♥ ❝♦♥ ✈❛r✐❛❝✐ó♥ r❛❞✐❛❧ ✭g = 0❀

h = 1 ② h = −1 r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ ✭❝✮

② ✭❞✮ ❞❡s❝r✐❜❡♥ ❡❧ ♠♦❞❡❧♦ ❝♦♥ t♦rs✐ó♥

❛③✐♠✉t❛❧ ♥♦ ✉♥✐❢♦r♠❡ ✭h = 0❀ g = 0,8

② g = −0,8 r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✹✸ ❋❡❜r❡r♦ ✷✵✶✼



❊♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❡♠❡r❣❡♥❝✐❛✳ ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ♠♦str❛r♦♥ q✉❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P ♣✉❡❞❡ s❡r ✉t✐❧✐③❛❞❛

♣❛r❛ ✐♥❢❡r✐r ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ②❛ q✉❡ s✉ ✐♥❝❧✐♥❛❝✐ó♥ ❡s ♣r♦♣♦r❝✐♦♥❛❧ ❛❧

♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt✳

P❛r❛ ✉♥ t✉❜♦ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ✭h 6= 0✮ ②✴♦ ✉♥❛ ❛s✐♠❡trí❛ ❛①✐❛❧ ✭g 6= 0✮ ❛ ❧♦

❧❛r❣♦ ❞❡❧ t✉❜♦✱ ❧❛ ▲■P ❡stá ❝✉r✈❛❞❛ ❞❡ ❛❝✉❡r❞♦ ❝♦♥ ❡❧ ♣❡r✜❧ ❞❡s❝r✐♣t♦ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✾✮✳

❆❞❡♠ás ❡s ❢✉♥❝✐ó♥ ❞❡ d✱ ♣♦r ❧♦ q✉❡ ❧❛ ▲■P ❡✈♦❧✉❝✐♦♥❛ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❡❧ ❈❛✲

♣ít✉❧♦ ✺ ♣r❡s❡♥t❛♠♦s ❧♦s r❡s✉❧t❛❞♦s q✉❡ ❞❡s❝r✐❜❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

♣❛r❛ ❡st❡ ♠♦❞❡❧♦✳

❋❡❜r❡r♦ ✷✵✶✼ ✹✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✸

❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡

❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✱ q✉❡ ❛❢❡❝t❛♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❢♦t♦s❢ér✐❝❛ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱

s❡ ♦❜s❡r✈❛♥ ❝♦♠♦ ✉♥❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡♥ ❧♦s ♠♦❞❡❧♦s ❛♥❛❧ít✐❝♦s✱ ❡♥ ❧❛s

s✐♠✉❧❛❝✐♦♥❡s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ② ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ❧❛s ❘❆s ✭✈❡r

❙❡❝❝✐♦♥❡s ✷✳✷ ② ✷✳✸✮✳ ❊st❛ ❡❧♦♥❣❛❝✐ó♥ ❡stá ✈✐♥❝✉❧❛❞❛ ❝♦♥ ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦

② t✐❡♥❡ ✉♥❛ ✐♥✢✉❡♥❝✐❛ ❞✐r❡❝t❛ ❡♥ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞

✭▲■P✮✳ ❇❛sá♥❞♦♥♦s ❡♥ ✉♥ ♣r♦❝❡❞✐♠✐❡♥t♦ q✉❡ ✉t✐❧✐③❛ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P✱ ❡♥ ❡st❡

❝❛♣ít✉❧♦ ❞❡s❝r✐❜✐♠♦s ❧❛s ❤❡rr❛♠✐❡♥t❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❡st✉❞✐❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s

♠❛❣♥ét✐❝❛s ❡♥ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s ♦❜s❡r✈❛❞❛s ❡♥ ❞❛t♦s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥

❞❡ ❧❛ ✈✐s✉❛❧ ✭♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✮✳ ▲♦s ♣r♦❝❡❞✐♠✐❡♥t♦s ❞❡s❛rr♦❧❧❛❞♦s ❛ ❧♦ ❧❛r❣♦

❞❡ ❡st❡ ❝❛♣ít✉❧♦ ❡stá♥ ♣✉❜❧✐❝❛❞♦s ❡♥ P♦✐ss♦♥ ❡t ❛❧✳ ✭✷✵✶✷✱ ✷✵✶✺❜✮✳

✸✳✶✳ ❙❡❧❡❝❝✐ó♥ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s

❈♦♠♦ ✈✐♠♦s ❡♥ ❡❧ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s❡ ❞❡❜❡♥ ❛ ✉♥ ❡❢❡❝t♦ ❞❡

♣r♦②❡❝❝✐ó♥ ② s❡ ♦❜s❡r✈❛♥ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♣❛r❝✐❛❧ ❞❡❧ á♣✐❝❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡

❞❛ ♦r✐❣❡♥ ❛ ❧❛ ❘❆✳ P♦r ❧♦ t❛♥t♦✱ s✉ ♣r❡s❡♥❝✐❛ s❡rá ♠ás ♥♦t♦r✐❛ ❡♥ ❡st❛ ❢❛s❡✳ P❛r❛ ♥✉❡str♦

❛♥á❧✐s✐s✱ ❡s❝♦❣✐♠♦s ❘❆s q✉❡ ❛♣❛r❡❝❡♥ ❡♥ ❡❧ ❞✐s❝♦ s♦❧❛r ❛♥t❡s ❞❡ ❝r✉③❛r ❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✹✺ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

② q✉❡ ❡stá♥ ❛ ✉♥❛ ❧♦♥❣✐t✉❞ ♠❡♥♦r q✉❡ ✸✵◦ ❡st❡ ❞❡❧ ❝❡♥tr♦ ❞❡❧ ❞✐s❝♦✳ ❚❛♠❜✐é♥ ❧✐♠✐t❛♠♦s

❧❛ ❧❛t✐t✉❞ ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐♥t✉ró♥ ♠❡♥♦r ❛ ✸✺◦ ❞❡❧ ❡❝✉❛❞♦r s♦❧❛r ♣❛r❛ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦✳

❉❡ ❡st❛ ♠❛♥❡r❛✱ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s ♣✉❡❞❡ ♦❜s❡r✈❛rs❡

❝❡r❝❛ ❞❡❧ ❝❡♥tr♦ ❞❡❧ ❞✐s❝♦ ② s❡ r❡❞✉❝❡ ❡❧ ❡❢❡❝t♦ ❞❡ ♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥

❧❛ ❧í♥❡❛ ♦ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ✭▲❖❙✱ ♣♦r s✉s s✐❣❧❛s ❡♥ ✐♥❣❧és✮✱ ❛sí ❝♦♠♦ ❧♦s ❡❢❡❝t♦s ❞❡

♣❡rs♣❡❝t✐✈❛ ✭❢♦r❡s❤♦rt❡♥✐♥❣ ❀ P♦✐ss♦♥ ❡t ❛❧✳✱ ✷✵✶✺❜❀ ✈❛♥ ❉r✐❡❧✲●❡s③t❡❧②✐ ✫ ●r❡❡♥✱ ✷✵✶✺✮

♣♦r ❧❛ ❝❡r❝❛♥í❛ ❛❧ ❧✐♠❜♦✳ ❆❞❡♠ás✱ ❝♦♠♦ ♥✉❡str♦ ♦❜❥❡t✐✈♦ ❡s ❞❡t❡r♠✐♥❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧

❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡s❞❡ ❧❛s ♣r✐♠❡r❛s ❡♠❡r❣❡♥❝✐❛s ❞❡ ✢✉❥♦✱ ❜✉s❝❛♠♦s ❘❆s ❛✐s❧❛❞❛s ❞❡

r❡♠❛♥❡♥t❡s ❞❡ ❝❛♠♣♦ q✉❡ ♣✉❡❞❛♥ ❛❢❡❝t❛r ❧❛ ❞❡t❡❝❝✐ó♥ ② ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳

❘❡str✐♥❣✐♠♦s ❧❛ s❡❧❡❝❝✐ó♥ ❛ ❘❆s ❜✐♣♦❧❛r❡s ❞❡❜✐❞♦ ❛ q✉❡ ❡♥ ❡st♦s ❝❛s♦s ♣❛rt✐❝✉❧❛r❡s

❧❛ ▲■P ❡stá ❜✐❡♥ ❞❡✜♥✐❞❛ ② ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♥♦ s❡ ✈❡♥ ❛❢❡❝t❛❞❛s s❡✈❡r❛♠❡♥t❡

♣♦r ♠ú❧t✐♣❧❡s ❡♠❡r❣❡♥❝✐❛s✳ ❆❞❡♠ás✱ ❡st❛s r❡❣✐♦♥❡s s♦♥ ❢á❝✐❧♠❡♥t❡ ❝♦♠♣❛r❛❜❧❡s ❝♦♥ ❧♦s

♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❞❡ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸✳ ❆ ♣❡s❛r ❞❡ q✉❡ ❡st❛s r❡str✐❝❝✐♦♥❡s s♦❜r❡

❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛s ❘❆s ❧✐♠✐t❛♥ ❡❧ ❛❧❝❛♥❝❡ ❡st❛❞íst✐❝♦ ❞❡ ♥✉❡str♦s r❡s✉❧t❛❞♦s✱ ❡❧

♣r✐♥❝✐♣❛❧ ♦❜❥❡t✐✈♦ ❡s ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡ ✉♥ ♠ét♦❞♦ ♣❛r❛ ❡st✐♠❛r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ t♦rs✐ó♥ ❡♥

❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ❞❡ ❡st❡ t✐♣♦ ❞❡ ❘❆s✳

▲❛ s❡❧❡❝❝✐ó♥ ❞❡ ❘❆s s❡ r❡❛❧✐③ó ♣♦r ❧❛ ✈✐s✉❛❧✐③❛❝✐ó♥ ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ❞✐❛r✐♦s ❡♥ ❧❛

❜❛s❡ ❞❡ ❞❛t♦s ❞✐s♣♦♥✐❜❧❡ ❛ tr❛✈és ❞❡❧ s✐t✐♦ ✇❡❜ ✇✇✇✳❤❡❧✐♦✈✐❡✇❡r✳♦r❣ ❡♥tr❡ ❥✉❧✐♦ ❞❡ ✶✾✾✻ ②

❡♥❡r♦ ❞❡ ✷✵✶✶✳ ❊s❡ ♣❡rí♦❞♦ ❝✉❜r❡ ♣♦r ❝♦♠♣❧❡t♦ ❡❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸ ② ♣❛rt❡ ❞❡❧ ❝♦♠✐❡♥③♦ ❞❡❧

✷✹✳ ❊♥tr❡ ❧♦s ❞❛t♦s ❞✐s♣♦♥✐❜❧❡s ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✱ ✉t✐❧✐③❛♠♦s ❧♦s ♦❜t❡♥✐❞♦s

♣♦r ❡❧ ✐♥str✉♠❡♥t♦ ▼✐❝❤❡❧s♦♥ ❉♦♣♣❧❡r ■♠❛❣❡r ✭▼❉■✮ ❛ ❜♦r❞♦ ❞❡ ❧❛ ♥❛✈❡ ❙❖❍❖ ② ❞❡❧

❍❡❧✐♦s❡✐s♠✐❝ ❛♥❞ ▼❛❣♥❡t✐❝ ■♠❛❣❡r ✭❍▼■✮ q✉❡ s❡ ❡♥❝✉❡♥tr❛ ❛ ❜♦r❞♦ ❞❡❧ ❙❉❖✳

✸✳✶✳✶✳ ▼❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s

❊❧ ▼❉■ ❢✉❡ ❡❧ ♣r✐♠❡r ✐♥str✉♠❡♥t♦ ❡♥ ❣❡♥❡r❛r ♠❛♣❛s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦

❞❡s❞❡ ❡❧ ❡s♣❛❝✐♦ ✭❙❝❤❡rr❡r ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❊❧ ▼❉■ ❡stá ❝♦♠♣✉❡st♦ ♣♦r ✉♥ ✜❧tr♦ ▲②♦t ②

❞♦s ✐♥t❡r❢❡ró♠❡tr♦s ❞❡ ▼✐❝❤❡❧s♦♥ q✉❡ tr❛s♠✐t❡♥ ❧✉③ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ◆✐ ■ ✭6768➴✮ ❢♦r♠❛❞❛

❡♥ ❧❛ ❢♦tós❢❡r❛✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s s♦♥ ♦❜t❡♥✐❞♦s ❛❧ ♠❡❞✐r ❡❧ ❝♦rr✐♠✐❡♥t♦

❉♦♣♣❧❡r ❡♥tr❡ ❧♦s ❞♦s ❡st❛❞♦s ❞❡ ♣♦❧❛r✐③❛❝✐ó♥ ❝✐r❝✉❧❛r ❞❡ ❧❛ ❧✉③ r❡❝✐❜✐❞❛✳ ❊st❡ ❝♦rr✐♠✐❡♥t♦

❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♥ ❡❧ ❡❢❡❝t♦ ❞❡ ❞❡s❞♦❜❧❛♠✐❡♥t♦ ❩❡❡♠❛♥ ② ❡s ♣r♦♣♦r❝✐♦♥❛❧ ❛ ❧❛ ❞❡♥s✐❞❛❞

❋❡❜r❡r♦ ✷✵✶✼ ✹✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s

https://www.helioviewer.org/
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❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦✳ ▲❛ ❈❈❉ ♣♦s❡❡ ✶✵✷✹ ① ✶✵✷✹ ♣í①❡❧❡s ② ❝❛❞❛ ♣í①❡❧ ✉♥❛ r❡s♦❧✉❝✐ó♥ ❞❡

1,98′′✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥ó♣t✐❝♦s ✉t✐❧✐③❛❞♦s ❡♥ ❡st❡ tr❛❜❛❥♦ s♦♥ ❝♦♥str✉✐❞♦s ❝❛❞❛

✾✻ ♠✐♥✉t♦s ♠❡❞✐❛♥t❡ ❡❧ ♣r♦♠❡❞✐♦ ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ❞✐s❝♦ ❝♦♠♣❧❡t♦ ❞❡ ✉♥ ♠✐♥✉t♦

♦ ❞❡ ❝✐♥❝♦ ♠✐♥✉t♦s ② t✐❡♥❡♥ ✉♥ ❡rr♦r ❡♥ ❧❛ ❞❡♥s✐❞❛❞ ❞❡ ✢✉❥♦ ♣♦r ♣í①❡❧ ❞❡ 16G ② 9G

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❛r❛ ❝❛❞❛ ❘❆ s❡❧❡❝❝✐♦♥❛❞❛✱ ♦❜t✉✈✐♠♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡s❞❡ ❡❧ ♠♦♠❡♥t♦ ❞❡ ❧❛

♣r✐♠❡r ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❤❛st❛ ❡❧ ♠♦♠❡♥t♦ ❡♥ q✉❡ ❧❛ ❘❆ ❛❧❝❛♥③❛ s✉ ✢✉❥♦ ♠❛❣♥ét✐❝♦

♠á①✐♠♦✱ ♦ ❜✐❡♥ ❝✉❛♥❞♦ s✉♣❡r❛ ❧❛ ❝♦♥❞✐❝✐ó♥ ❞❡ ✸✵◦ ❞❡ ❧♦♥❣✐t✉❞ ♦❡st❡✳ ❊♥ ❝❛❞❛ ❞í❛ s❡ ❝✉❡♥t❛

❝♦♥ ✶✺ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ❞✐s❝♦ ❝♦♠♣❧❡t♦✳ ❙♦❜r❡ ❡st♦s ❞❛t♦s✱ ❛♣❧✐❝❛♠♦s

❝♦rr❡❝❝✐♦♥❡s ❛ ❧❛ ❞❡♥s✐❞❛❞ ❞❡ ✢✉❥♦ ❡♥ ❝❛❞❛ ♣í①❡❧ ❞❡❜✐❞♦ ❛ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❧❛ ❞✐r❡❝❝✐ó♥

❞❡ ❧❛ ✈✐s✉❛❧ ② ❧❛ ❞✐r❡❝❝✐ó♥ r❛❞✐❛❧ ✭✈❡r ●r❡❡♥ ❡t ❛❧✳✱ ✷✵✵✸✱ ♣❛r❛ ✉♥❛ ♠❡❥♦r ❞❡s❝r✐♣❝✐ó♥ ❞❡❧

♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ r❛❞✐❛❧✐③❛❝✐ó♥✮✳ ❆❧ r❛❞✐❛❧✐③❛r ❡❧ ❝❛♠♣♦ ❞❡s♣r❡❝✐❛♠♦s ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡

❧❛s ❝♦♠♣♦♥❡♥t❡s q✉❡ s♦♥ ♣❛r❛❧❡❧❛s ❛❧ ♣❧❛♥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛❀ ❡st❛ ❝♦♥tr✐❜✉❝✐ó♥ ♣✉❡❞❡ s❡r

✐♠♣♦rt❛♥t❡ ❝✉❛♥❞♦ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛ ❛❧❡❥❛❞❛ ❞❡❧ ❝❡♥tr♦ ❞❡❧ ❞✐s❝♦✱ s✐♥ ❡♠❜❛r❣♦✱ ♥♦ ❡s

❡❧ ❝❛s♦ ❞❡ ❧❛s ❘❆ s❡❧❡❝❝✐♦♥❛❞❛s✳ P♦r ❧♦ t❛♥t♦✱ ❧✉❡❣♦ ❞❡ ❡st❛ ❝♦rr❡❝❝✐ó♥✱ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ❘❆ ❝♦rr❡s♣♦♥❞❡ ❛♣ró①✐♠❛❞❛♠❡♥t❡ ❛ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡❧ ❝❛♠♣♦

♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛✳

P❛r❛ ♣♦❞❡r s❡❣✉✐r ❧❛ ❡✈♦❧✉❝✐ó♥ ♣r♦♣✐❛ ❞❡ ❧❛ ❘❆ ❞❡ ✐♥t❡rés✱ r♦t❛♠♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s

❞❡ ❞✐s❝♦ ❝♦♠♣❧❡t♦ ❛ ❧❛ ❢❡❝❤❛ ❡♥ ❧❛ q✉❡ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛ ❡♥ ❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧✳ ❊st❛

r♦t❛❝✐ó♥ t✐❡♥❡ ❡♥ ❝✉❡♥t❛ ❧❛ r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ❧❛ ❢♦tós❢❡r❛ s♦❧❛r ❛ ❞✐st✐♥t❛s ❧❛t✐t✉❞❡s

✭✈❡r ❙❡❝❝✐ó♥ ✶✳✶✮✳ ❊❧ ♣r♦❝❡s❛♠✐❡♥t♦ ❢✉❡ ❧❧❡✈❛❞♦ ❛ ❝❛❜♦ ✉s❛♥❞♦ ❡❧ ♣❛q✉❡t❡ ❞❡ ♣r♦❣r❛♠❛s ❞❡

♣r♦❝❡s❛♠✐❡♥t♦ ② ❛♥á❧✐s✐s ❞❡ ❞❛t♦s s♦❧❛r❡s ❙♦❧❛r ❙♦❢t✇❛r❡ q✉❡ ❢✉♥❝✐♦♥❛ s♦❜r❡ ❧❛ ♣❧❛t❛❢♦r♠❛

❞❡ ❧❡♥❣✉❛❥❡ ❞❡ ❛❧t♦ ♥✐✈❡❧ ■♥t❡r❛❝t✐✈❡ ❉❛t❛ ▲❛♥❣✉❛❣❡ ✭■❉▲✮✳

❯♥❛ ✈❡③ r❛❞✐❛❧✐③❛❞♦s ② r♦t❛❞♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ❞✐s❝♦ ❝♦♠♣❧❡t♦ ❝♦rr❡s♣♦♥❞✐❡♥✲

t❡s ❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❝❛❞❛ ❘❆✱ r❡❛❧✐③❛♠♦s ✉♥❛ s❡❧❡❝❝✐ó♥ ② r❡❝♦rt❛♠♦s ③♦♥❛s r❡❝t❛♥❣✉❧❛r❡s

q✉❡ ❝♦♥t✐❡♥❡♥ ❛ ❧❛ ❘❆ ❞❡ ✐♥t❡rés ❞✉r❛♥t❡ t♦❞❛ s✉ ❡✈♦❧✉❝✐ó♥✳ ❊❧ ♦❜❥❡t✐✈♦ ❞❡ ❡st❡ ♣r✐♠❡r

r❡❝♦rt❡ ❡s ❧❛ r❡❞✉❝❝✐ó♥ ❞❡ ❧❛ ❝❛♥t✐❞❛❞ ❞❡ ❞❛t♦s ♣❛r❛ s✉ ♣♦st❡r✐♦r ♣r♦❝❡s❛♠✐❡♥t♦ ♣❛r❛

❛❣✐❧✐③❛r ❡❧ s❡❣✉✐♠✐❡♥t♦ ❞❡ ❧❛s ❘❆s✳ P❛r❛ ♦♣t✐♠✐③❛r ❧♦s ❝ó❞✐❣♦s ② ❡❧✐♠✐♥❛r ❡❧ ✢✉❥♦ ♠❛❣✲

♥ét✐❝♦ q✉❡ ♥♦ ♣❡rt❡♥❡❝❡ ❛ ❧❛ ❘❆✱ r❡❛❧✐③❛♠♦s ✉♥❛ s❡❣✉♥❞❛ s❡❧❡❝❝✐ó♥ r❡❝t❛♥❣✉❧❛r ✈❛r✐❛❜❧❡

❡♥ ❡❧ t✐❡♠♣♦ ✭✈❡r ❋✐❣✉r❛ ✸✳✷✮✳ ❊st❛ s❡❧❡❝❝✐ó♥ s❡ ❤❛❝❡ ✉❜✐❝❛♥❞♦ ✈✐s✉❛❧♠❡♥t❡ ❧♦s ✈ért✐❝❡s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✹✼ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

RA 8167

RA 8164

❋✐❣✉r❛ ✸✳✶✿ ▼❛❣♥❡t♦❣r❛♠❛ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ❞✐s❝♦ ❝♦♠♣❧❡t♦ t♦♠❛❞♦ ❡❧ ✷✹ ❞❡ ❢❡❜r❡r♦ ❞❡

✶✾✾✽ ♣♦r ❡❧ ▼❉■✳ ▲♦s ❞♦s r❡❝tá♥❣✉❧♦s ♠✉❡str❛♥ ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛s ❘❆s ✽✶✻✹ ② ✽✶✻✼✱ ❧❛s

❝✉❛❧❡s s❛t✐s❢❛❝❡♥ ❧❛s ❝♦♥❞✐❝✐♦♥❡s ❞❡ ❡♠❡r❣❡♥❝✐❛ ♣r❡✈✐❛ ❛❧ ❝r✉❝❡ ❞❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧ ② ❡♥

③♦♥❛s s✐♥ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✐♥t❡♥s♦✳

❋❡❜r❡r♦ ✷✵✶✼ ✹✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✷✳ ❊❙❚■▼❆❈■Ó◆ ❉❊▲ ➪◆●❯▲❖ ❉❊ ❚■▲❚

❞❡❧ r❡❝tá♥❣✉❧♦ q✉❡ ❝♦♥t✐❡♥❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❡ ❧❛ ❘❆ ❡♥ tr❡s ♠♦♠❡♥t♦s ❞❡ s✉

❡✈♦❧✉❝✐ó♥✿ ❡❧ ♣r✐♠❡r ♠❛❣♥❡t♦❣r❛♠❛ ❝♦♥s✐❞❡r❛❞♦✱ ❝✉❛♥❞♦ s❡ ❛❧❝❛♥③❛ ❧❛ ♠✐t❛❞ ❞❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ② ❡♥ ❡❧ ú❧t✐♠♦ ♠❛❣♥❡t♦❣r❛♠❛✳ ❯s❛♥❞♦ ✉♥❛ ✐♥t❡r♣♦❧❛❝✐ó♥ ♣♦❧✐♥♦♠✐❛❧

❞❡ ❧❛s ❝♦♦r❞❡♥❛❞❛s ❞❡ ❧♦s ✈ért✐❝❡s s❡❧❡❝❝✐♦♥❛❞♦s ♦❜t❡♥❡♠♦s ❧♦s ✈ért✐❝❡s ❞❡ ❧♦s r❡❝tá♥❣✉❧♦s

❡♥ t✐❡♠♣♦s ✐♥t❡r♠❡❞✐♦s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆✳ ❋✐♥❛❧♠❡♥t❡ ♣r♦❞✉❝✐♠♦s ❛♥✐♠❛❝✐♦♥❡s

❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛ ❘❆ ② ❞❡ ❧♦s r❡❝tá♥❣✉❧♦s ♦❜t❡♥✐✲

❞♦s ♣❛r❛ ✈❡r✐✜❝❛r q✉❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❡ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛ ❞❡♥tr♦ ❞❡ ❡st♦s

❡♥ t♦❞♦ ♠♦♠❡♥t♦✳ ❉❡ ♥♦ ❡♥❝♦♥tr❛rs❡ ❝♦♥t❡♥✐❞❛ ❡♥ t♦❞♦ t✐❡♠♣♦✱ r❡❞❡✜♥✐♠♦s ❧♦s ✈ért✐❝❡s

✉t✐❧✐③❛♥❞♦ ♠❛❣♥❡t♦❣r❛♠❛s ✐♥t❡r♠❡❞✐♦s ♣❛r❛ ❧❛ ✐♥t❡r♣♦❧❛❝✐ó♥✳

❙ó❧♦ ❧♦s ♣í①❡❧❡s ❝♦♥t❡♥✐❞♦s ❞❡♥tr♦ ❞❡ ❡st♦s r❡❝tá♥❣✉❧♦s s❡ ✉s❛♥ ♣❛r❛ ❝❛❧❝✉❧❛r ❧♦s ♣❛✲

rá♠❡tr♦s ❡st✉❞✐❛❞♦s ❡♥ ❝❛❞❛ ❘❆ ✭❡✳❣✳ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ❧í♥❡❛ ❞❡

✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ❞❡ ❧❛ ❘❆✱ ✈❡r ❙❡❝❝✐♦♥❡s ✸✳✷ ② ✸✳✸✮✳ ❊❧ ✐♥t❡r✈❛❧♦ t❡♠♣♦r❛❧ ❞❡ ❛♥á❧✐s✐s

❞❡ ❝❛❞❛ ❘❆ s❡ ❡①t✐❡♥❞❡ ❞❡s❞❡ ❧❛ ♣r✐♠❡r❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❤❛st❛ ❡❧ t✐❡♠♣♦

❡♥ q✉❡ s❡ ❛❧❝❛♥③❛ ❡❧ ✢✉❥♦ ♠á①✐♠♦✱ ♦ ❡♥ ❝❛s♦ ❞❡ ❡st❛r ❝❡r❝❛ ❞❡❧ ❧✐♠❜♦✱ ❤❛st❛ q✉❡ ❧♦s ❡❢❡❝t♦s

❞❡ ♣r♦②❡❝❝✐ó♥ s❡❛♥ s✐❣♥✐✜❝❛t✐✈♦s ✭∼ 30◦ ❞❡ ❧♦♥❣✐t✉❞✮✳

✸✳✷✳ ❊st✐♠❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t

❊♥ ❡❧ ❈❛♣ít✉❧♦ ✶ ♠❡♥❝✐♦♥❛♠♦s ❧❛ ❡①✐st❡♥❝✐❛ ❞❡ ✉♥ á♥❣✉❧♦ ❞❡ t✐❧t ❡♥tr❡ ❡❧ s❡❣♠❡♥t♦ ❞❡❧

❜✐♣♦❧♦ ❞❡ ❧❛s ❘❆s ② ❧❛ ❞✐r❡❝❝✐ó♥ ❊✲❖ ✭❧❡② ❞❡ ❏♦②✮✳ ❙❡ ❤❛♥ ♣r♦♣✉❡st♦ ✈❛r✐♦s ♠❡❝❛♥✐s♠♦s

♣❛r❛ ❡①♣❧✐❝❛r ❡st❛ ✐♥❝❧✐♥❛❝✐ó♥ ② s✉ ❛♣❛r❡♥t❡ ❞❡♣❡♥❞❡♥❝✐❛ ❝♦♥ ❧❛ ❧❛t✐t✉❞ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ❧❛ ❘❆s✱ ❝♦♥ ❧♦ ❝✉❛❧ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❡st❡ á♥❣✉❧♦ ❛ ♣❛rt✐r ❞❡ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ❡s

r❡❧❡✈❛♥t❡ ♣❛r❛ ❝♦♠♣r❡♥❞❡r ❧❛ ❛❝❝✐ó♥ ❞❡❧ ❞í♥❛♠♦ s♦❧❛r ② ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦

❞✉r❛♥t❡ s✉ trá♥s✐t♦ ♣♦r ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ✭✈❡r ❑♦s♦✈✐❝❤❡✈ ✫ ❙t❡♥✢♦✱ ✷✵✵✽❀ ▼❝❈❧✐♥t♦❝❦

✫ ◆♦rt♦♥✱ ✷✵✶✸❀ ❲❛♥❣ ✫ ❙❤❡❡❧❡② ❏r✱ ✶✾✾✶✱ ② ❝✐t❛s ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✷✮✳

❊❧ s❡❣♠❡♥t♦ q✉❡ ❞❡✜♥❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ ❞❡ ✉♥❛ ❘❆ s❡ ♦❜t✐❡♥❡ ❛ ♣❛rt✐r ❞❡

❞❡✜♥✐r ❧❛ ♣♦s✐❝✐ó♥ ♠❡❞✐❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♦ ❜❛r✐❝❡♥tr♦s ♠❛❣♥ét✐❝♦s✳ ▲♦s ❜❛r✐❝❡♥tr♦s

❡stá♥ ❞❡✜♥✐❞♦s ♣♦r ❧❛ ❞✐str✐❜✉❝✐ó♥ ♣r♦♠❡❞✐♦ ❞❡ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣❡s❛❞❛ ❝♦♥

❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❡q✉✐✈❛❧❡♥t❡ ❛ ♦❜t❡♥❡r ❡❧ ❝❡♥tr♦ ❞❡ ♠❛s❛ ❞❡ ✉♥ ❝✉❡r♣♦

❡♥ ♠❡❝á♥✐❝❛✳ ❊♥ ✉♥ s✐st❡♠❛ ❝❛rt❡s✐❛♥♦ ❝♦♥ ❡❧ ♣❧❛♥♦ (x, y) ♣❛r❛❧❡❧♦ ❛ ❧❛ ❢♦tós❢❡r❛ ❞❡✜♥✐♠♦s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✹✾ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

(a) (b)

(c) (d)

(e) (f)

❋✐❣✉r❛ ✸✳✷✿ ▼❛❣♥❡t♦❣r❛♠❛s t♦♠❛❞♦s ♣♦r ❡❧ ▼❉■✳ ▲♦s r❡❝tá♥❣✉❧♦s ♥❡❣r♦s ♠✉❡str❛♥ ❧❛

s❡❧❡❝❝✐ó♥ ❞❡ ❞❛t♦s q✉❡ ✈❛rí❛ ❝♦♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆ ✽✶✻✹✳ ▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐♥✉♦s

✭❞✐s❝♦♥t✐♥✉♦s✮ ② ❡❧ ár❡❛ ❡♥ ❡s❝❛❧❛ ❞❡ ❝♦❧♦r r♦❥♦ ✭❛③✉❧✮ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦

♣♦s✐t✐✈♦ ✭♥❡❣❛t✐✈♦✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✺✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✸✳ ❊❙❚■▼❆❈■Ó◆ ❉❊ ▲❆ ▲❮◆❊❆ ❉❊ ■◆❱❊❘❙■Ó◆ ❉❊ P❖▲❆❘■❉❆❉

Xp ❡ Yp ✭Xn ❡ Yn✮ ❝♦♠♦ ❧❛s ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❞❡❧ ❜❛r✐❝❡♥tr♦ ❞❡ ❧❛

♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮✱ ❡s ❞❡❝✐r✿

Xp,n =

∑
xBz∑
Bz

, Yp,n =

∑
yBz∑
Bz

, ✭✸✳✶✮

❡♥ ❞♦♥❞❡ Bz ❝♦rr❡s♣♦♥❞❡ ❛❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❡rt✐❝❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ② ❧♦s s✉❜í♥❞✐❝❡s

p ② n r❡✜❡r❡♥ ❛ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲❛ s✉♠❛ s❡ r❡❛❧✐③❛

s♦❜r❡ t♦❞♦s ❧♦s ♣í①❡❧❡s ❞❡♥tr♦ ❞❡❧ ár❡❛ ❞❡ s❡❧❡❝❝✐ó♥ ② ❧❛s ♣♦s✐❝✐♦♥❡s s❡ ❞❡✜♥❡♥ ❡♥ ❡❧ s✐st❡♠❛

❝❛rt❡s✐❛♥♦ (x, y)✱ ❞♦♥❞❡ x ❡ y ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ♥ú♠❡r♦ ❞❡ ♣í①❡❧ s♦❜r❡ ❡❧ ♠❛♣❛ ♠✉❧t✐♣❧✐❝❛❞♦

♣♦r ❡❧ t❛♠❛ñ♦ ❞❡❧ ♣í①❡❧ ❞❛❞♦ ♣♦r ❧❛ r❡s♦❧✉❝✐ó♥ ❞❡❧ ✐♥str✉♠❡♥t♦✳ ❊♥ ❧✉❣❛r ❞❡ ❝♦♥s✐❞❡r❛r

❡♥ ❡❧ ❝á❧❝✉❧♦ t♦❞♦ ❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞♦ ❡♥ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ♥♦s r❡str✐♥❣✐♠♦s ❛ ❧♦s ✈❛❧♦r❡s

❞❡ Bz ♠❛②♦r❡s ❛ ✉♥ ❝✐❡rt♦ ✈❛❧♦r ✉♠❜r❛❧ ❞❡ ❝❛♠♣♦ Bmin✳ P♦r ❧♦ ❣❡♥❡r❛❧ ✜❥❛♠♦s ❡st❡ ✈❛❧♦r

❞❡ ✉♠❜r❛❧ ❡♥ 10G q✉❡ ❝♦✐♥❝✐❞❡ ❝♦♥ ❧❛ ✐♥❝❡rt❡③❛ ♠❡❞✐❛ ♣♦r ♣í①❡❧ ❞❡ ❧❛s ❞❡♥s✐❞❛❞ ❞❡ ✢✉❥♦

♠❛❣♥ét✐❝♦ ❞❡❧ ▼❉■✳ ❖tr♦s ✈❛❧♦r❡s ❞❡ Bmin ♣✉❡❞❡♥ ✉t✐❧✐③❛rs❡ ♣❛r❛ r❡str✐♥❣✐r ❧❛ ✐♥t❡♥s✐❞❛❞

❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ❘❆ ❡♥ ❡❧ ❝á❧❝✉❧♦ ❞❡ s✉s ♣❛rá♠❡tr♦s✳

❉❡✜♥✐♠♦s ❡❧ t❛♠❛ñ♦ ♠❡❞✐♦ ❞❡❧ ❜✐♣♦❧♦ ❞❡ ❧❛ ❘❆✱ SRA✱ ❝♦♠♦ ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❧♦s

❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛✿

SRA =
√

(Xp −Xn)2 + (Yp − Yn)2, ✭✸✳✷✮

❨ ❞❡✜♥✐♠♦s ❛❧ á♥❣✉❧♦ ❞❡ t✐❧t ✱ φ✱ ❝♦♠♦✿

φ = arctan (Yp − Yn)/(Xp −Xn), ✭✸✳✸✮

❡♥ ❞♦♥❞❡ ❡❧ á♥❣✉❧♦ φ ❡stá ♠❡❞✐❞♦ ❞❡s❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✲♦❡st❡ ② ❡♥ s❡♥t✐❞♦ ❛♥t✐❤♦r❛r✐♦✳

❊♥ ❧❛ ❋✐❣✉r❛ ✸✳✸ ✐♥❞✐❝❛♠♦s ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ s❡❣♠❡♥t♦

❜✐♣♦❧❛r q✉❡ ❞❡✜♥❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡ ❧❛s ❘❆s ✽✶✻✹ ② ✽✶✻✼✳

✸✳✸✳ ❊st✐♠❛❝✐ó♥ ❞❡ ❧❛ ❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞

❊♥ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✱ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s ♠✉❡str❛♥ ✉♥❛ ❝❧❛r❛ s❡♣❛r❛❝✐ó♥

❡♥tr❡ ❧❛s ❝♦♥tr✐❜✉❝✐♦♥❡s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ♥❡❣❛t✐✈♦✳ ❉❡✜♥✐♠♦s ❛ ❧❛ ❧í♥❡❛ ❞❡

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✺✶ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

(a) (b)

rN
rP rNrP

❋✐❣✉r❛ ✸✳✸✿ ❙❡❧❡❝❝✐ó♥ ❞❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s t♦♠❛❞♦s ♣♦r ❡❧ ▼❉■ ♣❛r❛ ❧❛s ❘❆s ✽✶✻✹ ✭❛✮

② ✽✶✻✼ ✭❜✮✳ ❈♦♥ ♣✉♥t♦s ♥❡❣r♦s ✐♥❞✐❝❛♠♦s ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s✱ rN = (Xn, Yn)

② rP = (Xp, Yp)✱ ② ❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ❝♦♥ ✉♥❛ ❧í♥❡❛ ♥❡❣r❛ ❡♥tr❡ ❡st❛s ♣♦s✐❝✐♦♥❡s✳ ❊❧

á♥❣✉❧♦ ❞❡ t✐❧t φ ♠❛r❝❛❞♦ ❡♥ ♥❛r❛♥❥❛ ❡stá ❞❡✜♥✐❞♦ ♣♦r ❡❧ á♥❣✉❧♦ ❡♥tr❡ ❡❧ s❡❣♠❡♥t♦ ❞❡❧

❜✐♣♦❧♦ ② ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✲♦❡st❡✳

✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ✭▲■P✮ ❝♦♠♦ ❧❛ ❝✉r✈❛ q✉❡ ❞✐✈✐❞❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❡♥ ❞♦s r❡❣✐♦✲

♥❡s✱ ❝❛❞❛ ✉♥❛ ❝♦♥t❡♥✐❡♥❞♦ ❝❛♠♣♦ ❞❡ ✉♥ ♠✐s♠♦ s✐❣♥♦ ✭✈❡r ❧❛ ❋✐❣✉r❛ ✸✳✹✮✳ ▲❛ ▲■P s✉❡❧❡

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

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♦ ♣♦r ❡♠❡r❣❡♥❝✐❛s ❞❡ ✢✉❥♦ s❡❝✉♥❞❛r✐❛s✳ P♦r ❧♦ t❛♥t♦✱ ❡s ❞✐✜❝✐❧ r❡❛❧✐③❛r

♠❡❞✐❝✐♦♥❡s s✐st❡♠át✐❝❛s ❞❡ ❧❛ ▲■P ❝♦♥ ✉♥♦s ♣♦❝♦s ♣❛rá♠❡tr♦s q✉❡ r❡♣r❡s❡♥t❡♥ s✉s ❝❛r❛❝✲

t❡ríst✐❝❛s ② ✈❛r✐❛❝✐♦♥❡s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❝♦♠♦ ✈❡r❡♠♦s ❡♥ ❧❛s s✐❣✉✐❡♥t❡s ❡st❛s s❡❝❝✐♦♥❡s só❧♦

❡s ♥❡❝❡s❛r✐♦ ❝♦♥♦❝❡r ❧❛ ❞✐r❡❝❝✐ó♥ ❣❧♦❜❛❧ ❞❡ ❧❛ ▲■P ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳

▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ❞❡s❛rr♦❧❧❛r♦♥ ✉♥ ♣r♦❝❡❞✐♠✐❡♥t♦ s✐st❡♠át✐❝♦ ♣❛r❛ ❛♣r♦①✐♠❛r ❝♦♥

✉♥❛ r❡❝t❛ ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛ ▲■P ❞❡ ✉♥❛ ❘❆✳ ❊st♦ s❡ ❝♦♥s✐❣✉❡ ❛❥✉st❛♥❞♦ ✉♥❛ ❢✉♥❝✐ó♥

❧✐♥❡❛❧ ❞❡ ❧❛ ❢♦r♠❛ ax+ by + c s♦❜r❡ ✉♥ ♠❛❣♥❡t♦❣r❛♠❛ ✭Bo(x, y)✮✱ ❡♥ ❞♦♥❞❡ a✱ b ② c s♦♥

♣❛rá♠❡tr♦s ❞❡t❡r♠✐♥❛❞♦s ♣♦r ✉♥ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s✱ x ❡ y s♦♥ ❧❛s ❝♦♦r❞❡✲

♥❛❞❛s ❝❛rt❡s✐❛♥❛s s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛✳ ❊♥ ♣❛rt✐❝✉❧❛r✱ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ❞❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ✉♥❛ r❡❣✐ó♥ ❛❝t✐✈❛ t✐❡♥❡ ✉♥ ❡❢❡❝t♦ s✐❣♥✐✜❝❛t✐✈♦ ❡♥ ❧❛ ♦r✐❡♥t❛❝✐ó♥

❞❡ ❧❛ ▲■P✳ ❙✉♣♦♥✐❡♥❞♦ q✉❡ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❧❛ ▲■P ❡s ♠❡♥♦r q✉❡ ❡❧ ❞❡ ❧❛

❞✐str✐❜✉❝✐ó♥ ♣r✐♥❝✐♣❛❧ ❞❡ ✢✉❥♦ ❞❡ ❧❛ ❘❆✱ s❡ r❡❛❧✐③ó ❡❧ ❛❥✉st❡ ❞❡ ❧♦s ♣❛rá♠❡tr♦s s♦❜r❡ ✉♥❛

r❡❣✐ó♥ ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❡♥ ❧❛ q✉❡ ❧❛s ❧❡♥❣✉❛s ❡r❛♥ ♣r❡❞♦♠✐♥❛♥t❡s✳ ❊st♦ ❧✐♠✐t❛ ❡❧ ❛❧❝❛♥❝❡

❋❡❜r❡r♦ ✷✵✶✼ ✺✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✸✳ ❊❙❚■▼❆❈■Ó◆ ❉❊ ▲❆ ▲❮◆❊❆ ❉❊ ■◆❱❊❘❙■Ó◆ ❉❊ P❖▲❆❘■❉❆❉

❞❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦✱ ❞❡❜✐❞♦ ❛ q✉❡ ♣❛r❛ ❝❛❞❛ t✐❡♠♣♦ ❧❛ r❡❣✐ó♥ ❞❡ ❛❥✉st❡ ❡r❛ s❡❧❡❝❝✐♦♥❛❞❛

♣♦r ❡st✐♠❛❝✐ó♥ ✈✐s✉❛❧✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣r♦♣✉❡st♦ ❛q✉í ❜✉s❝❛ r❡s♦❧✈❡r ❡st❛ ❞❡♣❡♥❞❡♥❝✐❛

❝♦♥ ❡❧ ♦❜s❡r✈❛❞♦r✳

❉❡✜♥✐♠♦s ❛ ❧❛ ❢✉♥❝✐ó♥ D(a, b, c) ❝♦♠♦✿

D(a, b, c) =

∫

x,y
| sign(ax+ by + c) |Bo| −Bo|2 dx dy, ✭✸✳✹✮

❡♥ ❞♦♥❞❡ Bo = Bo(x, y) ❡s ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♦❜s❡r✈❛❞♦ ❡♥ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ② ❧❛

✐♥t❡❣r❛❝✐ó♥ s❡ r❡❛❧✐③❛ s♦❜r❡ ❧♦s r❡❝♦rt❡s ❞❡ ❧❛ ❘❆ ❞❡s❝r✐♣t♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶ ✭❡✈✐t❛♥❞♦

❧❛ ♠❛②♦r ❝❛♥t✐❞❛❞ ♣♦s✐❜❧❡ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝✐r❝✉♥❞❛♥t❡ ❛ ❧❛ ❘❆✮✳ ❊❧ ❝✉❛❞r❛❞♦ ❡♥ ❡❧

✐♥t❡❣r❛♥❞♦ s❡ ❡❧✐❣✐ó ♣❛r❛ q✉❡ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ♥♦ s❡❛ ❞❡♠❛s✐❛❞♦ s❡♥s✐❜❧❡ ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛

❞❡ ♣♦❧❛r✐❞❛❞❡s ❞❡ ❜❛❥♦ ✢✉❥♦ ♦ r✉✐❞♦ ❡♥ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛✳ ❈♦♠♦ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❛ ❧❛

❢✉♥❝✐ó♥ D ❞❡ ❝❛❞❛ ♣í①❡❧ s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❡s ♣r♦♣♦r❝✐♦♥❛❧ ❛❧ ❝✉❛❞r❛❞♦ ❞❡❧ ✈❛❧♦r ❞❡❧

❝❛♠♣♦ ❡♥ ❡s❡ ♣í①❡❧✱ ❧♦s ♣í①❡❧❡s ❡♥ ❞♦♥❞❡ ❡❧ ❝❛♠♣♦ ❡s ♠❡♥♦r ❝♦♥tr✐❜✉②❡♥ ♠❡♥♦s✳

Pr♦♣♦♥❡♠♦s ✉♥ ♣r♦❝❡❞✐♠✐❡♥t♦ s✐st❡♠át✐❝♦ q✉❡ ✐♥❝❧✉②❛ só❧♦ ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❢✉♥❝✐ó♥ ❧✐♥❡❛❧

ax+ by+ c✱ ❡✈✐t❛♥❞♦ q✉❡ ❧♦s ✈❛❧♦r❡s ❣r❛♥❞❡s ❞❡ ❡st❛ ❢✉♥❝✐ó♥ ❧❡❥♦s ❞❡ ❧❛ ▲■P ✐♥tr♦❞✉③❝❛♥

✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❡s♣❛❝✐❛❧ s♦❜r❡ ❡❧ ✈❛❧♦r ❞❡D✳ ❆❧ ♠✐♥✐♠✐③❛r ❧❛ ❢✉♥❝✐ó♥D ♣♦❞❡♠♦s ♦❜t❡♥❡r

❧♦s ♣❛rá♠❡tr♦s ✭a, b, c✮ q✉❡ ♠❡❥♦r ❛♣r♦①✐♠❛♥ ❛ ❧❛ ▲■P s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛✳

❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡s❝r✐♣t♦ s❡♣❛r❛ ❛❧ ♠❛❣♥❡t♦❣r❛♠❛ ❡♥ ❞♦s r❡❣✐♦♥❡s✱ ✉♥❛ ♣r❡❞♦♠✐✲

♥❛♥t❡♠❡♥t❡ ♣♦s✐t✐✈❛ ② ❧❛ ♦tr❛ ♥❡❣❛t✐✈❛✳ P♦r ❧❛ ❢♦r♠❛ ❡♥ q✉❡ ❡stá ❞❡✜♥✐❞❛ D✱ ❧♦s ♣í①❡❧❡s

❡♥ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛✱ ❡♥ ❧♦s q✉❡ ❡❧ s✐❣♥♦ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝♦✐♥❝✐❞❡ ❝♦♥ ❡❧ s✐❣♥♦ ❞❡

❧❛ r❡❣✐ó♥ ❡♥ ❧❛ q✉❡ s❡ ❡♥❝✉❡♥tr❛✱ ♥♦ ❝♦♥tr✐❜✉②❡♥ ❛ ❧❛ ❢✉♥❝✐ó♥ D✳ ❊♥ ❡s❛s ♣♦s✐❝✐♦♥❡s ❧❛

❢✉♥❝✐ó♥ sign(ax+ by+ c) |Bo| −Bo = 0✱ ❛♥✉❧❛♥❞♦ ❡❧ ✐♥t❡❣r❛♥❞♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✹✮✳ P♦r

❧♦ t❛♥t♦✱ ❡❧ ❛❥✉st❡ s❡ ♦❜t✐❡♥❡ ❛❧ ♠✐♥✐♠✐③❛r ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❞❡ s✐❣♥♦ ♦♣✉❡st♦ ❛❧

♣r❡❞♦♠✐♥❛♥t❡ ✭♦ ✢✉❥♦ ✏✐♥❝♦rr❡❝t♦✑✮ ❛ ❝❛❞❛ ❧❛❞♦ ❞❡ ❧❛ ▲■P✳ ❊♥ ♣❛rt✐❝✉❧❛r✱ ❧❛s r❡❣✐♦♥❡s ❞❡

❝❛♠♣♦ ✐♥t❡♥s♦ ❞❡ ✉♥❛ ❘❆ ❜✐♣♦❧❛r ♥♦ ❝♦♥tr✐❜✉②❡♥ ❛ D(a, b, c) ❞❡❜✐❞♦ ❛ q✉❡ ❡❧ s✐❣♥♦ ❞❡❧

❝❛♠♣♦ ❝♦✐♥❝✐❞❡ ❝♦♥ ❡❧ s✐❣♥♦ ♣r❡❞♦♠✐♥❛♥t❡ ❞❡ ❧❛ r❡❣✐ó♥ ❡♥ ❧❛ q✉❡ s❡ ❡♥❝✉❡♥tr❛♥✳ ❉❡ ❡st❛

♠❛♥❡r❛✱ s❡ ♣✉❡❞❡♥ ✐♥❝❧✉✐r ❡♥ ❡❧ ❝á❧❝✉❧♦ ❧♦s ♣í①❡❧❡s ❞❡ t♦❞❛ ❧❛ ❘❆✳ ▲♦s ♣í①❡❧❡s q✉❡ s❡ ❡♥✲

❝✉❡♥tr❛♥ ❛❧❡❥❛❞♦s ❞❡ ❧❛ ▲■P ❡st✐♠❛❞❛✱ ♣✉❡❞❡♥ ♥♦ ❝♦♥tr✐❜✉✐r ❛ D ❡♥ ❡❧ ❝❛s♦ ❞❡ ❡♥❝♦♥tr❛rs❡

❡♥ ❡❧ ❧❛❞♦ ❞❡ s✐❣♥♦ ✏❝♦rr❡❝t♦✑ ❞❡ ❧❛ ▲■P✱ ♦ ♣✉❡❞❡♥ t❡♥❡r ✉♥❛ ❝♦♥tr✐❜✉❝✐ó♥ ❝♦♥st❛♥t❡ ❡♥ ❡❧

❝❛s♦ ♦♣✉❡st♦ ✭❡♥ ❡❧ ❧❛❞♦ ✏✐♥❝♦rr❡❝t♦✑✮✳ ❉❛❞♦ q✉❡ ❡♥ ❡st❡ ú❧t✐♠♦ ❝❛s♦ ❝✉❛❧q✉✐❡r ♣❡q✉❡ñ❛

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✺✸ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

LIP
ajuste

❋✐❣✉r❛ ✸✳✹✿ ▼❛❣♥❡t♦❣r❛♠❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛ ❘❆ ✽✶✻✹✳ ▲❛ ❢❡❝❤❛ ❞❡ ♦❜s❡r✈❛❝✐ó♥ s❡

✐♥❞✐❝❛ s♦❜r❡ ❡❧ ♣❛♥❡❧✳ ■♥❞✐❝❛♠♦s ❝♦♥ ✉♥❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ r♦❥❛ ❧❛ ❧í♥❡❛ ❞❡ ✐♥✈❡rs✐ó♥ ❞❡

♣♦❧❛r✐❞❛❞ q✉❡ s❡♣❛r❛ ❛♠❜❛s ❝♦♥tr✐❜✉❝✐♦♥❡s ❞❡ ✢✉❥♦ ❞❡ ❧❛ ❘❆ ❜✐♣♦❧❛r✳ ▲❛ ❧í♥❡❛ ♥❡❣r❛

♠✉❡str❛ ❧❛ ❛♣r♦①✐♠❛❝✐ó♥ ❧✐♥❡❛❧ ❞❡ ❡st❛ ❝✉r✈❛ ♦❜t❡♥✐❞❛ ❞❡ ❧❛ ♠✐♥✐♠✐③❛❝✐ó♥ ❞❡ ❧❛ ❡❝✉❛✲

❝✐ó♥ ✭✸✳✹✮✳ ▲❛ r❡♣r❡s❡♥t❛❝✐ó♥ ❞❡ ❧♦s ❝♦♥t♦r♥♦s ② ❝♦❧♦r❡s ❡s ❧❛ ♠✐s♠❛ q✉❡ ❡♥ ❧❛ ❋✐❣✉r❛s ✸✳✷

② ✸✳✸✳

✈❛r✐❛❝✐ó♥ ❞❡ ❧❛ ▲■P ❧♦s s✐❣✉❡ ❞❡❥❛♥❞♦ ❞❡❧ ❧❛❞♦ ✏✐♥❝♦rr❡❝t♦✑✱ ❧❛ ♠✐♥✐♠✐③❛❝✐ó♥ ❞❡ D(a, b, c)

s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❝♦♠♣❧❡t♦ ✐♠♣❧✐❝❛ ✉♥ ❝♦♠♣r♦♠✐s♦ q✉❡ ✐♥✈♦❧✉❝r❛ só❧♦ ❛ ❧♦s ♣í①❡❧❡s

q✉❡ s❡ ❡♥❝✉❡♥tr❛♥ ❝❡r❝❛♥♦s ❛ ❧❛ ▲■P✳ ❊st❡ ♠ét♦❞♦ t✐❡♥❡ ❧❛ ✈❡♥t❛❥❛ ❞❡ ♣♦❞❡r s❡r ❛♣❧✐❝❛✲

❞♦ s✐st❡♠át✐❝❛♠❡♥t❡ ❛ t♦❞❛ ❧❛ ❡①t❡♥s✐ó♥ ❞❡ ❧❛ ❘❆ ❜✐♣♦❧❛r✳ ▲❛ ♣r✐♥❝✐♣❛❧ ❞❡s✈❡♥t❛❥❛ q✉❡

❡♥❝♦♥tr❛♠♦s ❡s q✉❡ ❧❛ ♠✐♥✐♠✐③❛❝✐ó♥ ❞❡ D(a, b, c) ♥♦ s❡ r❡❞✉❝❡ ❛ ✉♥ ♠ét♦❞♦ tí♣✐❝♦ ❞❡

❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❝♦♠♦ ❡♥ ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ② ♣♦r ❧♦ t❛♥t♦ ❡❧ ♠ét♦❞♦ ❡s

♥✉♠ér✐❝❛♠❡♥t❡ ♠ás ❝♦st♦s♦✳

❯♥❛ ♠❛♥❡r❛ ♣rá❝t✐❝❛ ❞❡ r❡❞✉❝✐r ❡❧ ♥ú♠❡r♦ ❞❡ ♣❛rá♠❡tr♦s ❧✐❜r❡s ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✹✮

❡s r❡❡s❝r✐❜✐r ❧❛ ❢✉♥❝✐ó♥ ax + by + c ✉s❛♥❞♦ ❝♦♠♦ ♣❛rá♠❡tr♦s ❧❛ ♣♦s✐❝✐ó♥ ❡♥ ❞♦♥❞❡ ❧❛

▲■P ✐♥t❡rs❡❝❛ ❛❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ✭✈❡r ❙❡❝❝✐ó♥ ✸✳✷✮ ② ❡❧ á♥❣✉❧♦ ❞❡ ❧❛ ▲■P r❡s♣❡❝t♦ ❞❡

❧❛ ❤♦r✐③♦♥t❛❧✳ ❙✐ rP ② rN s♦♥ ❧♦s ✈❡❝t♦r❡s ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s

❋❡❜r❡r♦ ✷✵✶✼ ✺✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✹✳ ❉❊❙❈❘■P❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❈❖◆ ❊▲ ➪◆●❯▲❖ τ

♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ✭✈❡r ❋✐❣✉r❛ ✸✳✸✮✱ ❡❧ ♣✉♥t♦ ❡♥ ❞♦♥❞❡ ❧❛ ▲■P ✐♥t❡rs❡❝❛

❛❧ ✈❡❝t♦r rP − rN ❡stá ❞❡✜♥✐❞♦ ✉s❛♥❞♦ ✉♥ ♣❛rá♠❡tr♦ s✱ t❛❧ q✉❡ 0 ≤ s ≤ 1 ❝♦♥ s = 0 ❡♥

rN ② s = 1 ❡♥ rP✳ ❊♥t♦♥❝❡s✱ ❧❛ ✐♥t❡rs❡❝❝✐ó♥ ❡stá ✉❜✐❝❛❞❛ ❡♥✿

r(s) = (xs, ys) = rN + s(rP − rN). ✭✸✳✺✮

❊♥ ❞♦♥❞❡ (xs, ys) s♦♥ ❧❛s ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❡♥ ❞♦♥❞❡ ❧❛

▲■P ✐♥t❡rs❡❝❛ ❡❧ s❡❣♠❡♥t♦ ❜✐♣♦❧❛r ❞❡ ❧❛ ❘❆✳ ❊❧ ♦tr♦ ♣❛rá♠❡tr♦ ❡s ❡❧ á♥❣✉❧♦ q✉❡ ❢♦r♠❛

❧❛ ▲■P ❝♦♥ ❧❛ ❤♦r✐③♦♥t❛❧✱ θ✳ P♦r ❧♦ t❛♥t♦✱ ❧❛ ❢✉♥❝✐ó♥ ax+ by + c ♣✉❡❞❡ r❡❡s❝r✐❜✐rs❡ ❝♦♠♦✿

(x− xs) sin θ + (y − ys) cos θ✳ ❋✐♥❛❧♠❡♥t❡✱ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✹✮ s❡ r❡❡s❝r✐❜❡ ❝♦♠♦✿

D(s, θ) =

∫

x,y

∣∣∣ sign
(
(x− xs) sin θ + (y − ys) cos θ

)
|Bo| −Bo

∣∣∣
2
dx dy, ✭✸✳✻✮

❧❛ ❝✉❛❧ ❞❡♣❡♥❞❡ só❧♦ ❞❡ ❧♦s ♣❛rá♠❡tr♦s s ② θ✳ ❯t✐❧✐③❛♥❞♦ ❡st❛ ❡①♣r❡s✐ó♥✱ ❡❧ ♦❜❥❡t✐✈♦

❡s ❡♥❝♦♥tr❛r ✉♥ ♠í♥✐♠♦ ❣❧♦❜❛❧ ♣❛r❛ D(s, θ)✳ ▲♦ r❡❛❧✐③❛♠♦s ❞✐s❝r❡t✐③❛♥❞♦ ❡❧ ❡s♣❛❝✐♦ ❞❡

♣❛rá♠❡tr♦s✱ ✭sn, θm✮✱ ❞❡ t❛❧ ♠❛♥❡r❛ q✉❡ ❞♦s ♣✉♥t♦s ❝♦♥s❡❝✉t✐✈♦s sn ❛♥❞ sn+1✱ ♥♦ ❡sté♥

♠ás ❛❧❡❥❛❞♦s ❡♥tr❡ s✐ q✉❡ ✉♥ ❝✉❛rt♦ ❞❡ ❧❛ r❡s♦❧✉❝✐ó♥ ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ② q✉❡ ❡❧ ♣❛s♦ ❡♥

θm s❡❛ ❞❡❧ ♦r❞❡♥ ❞❡ ✉♥ ❣r❛❞♦✳ ❈❛❧❝✉❧❛♠♦s ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✻✮ s♦❜r❡ ❧❛ ❣r✐❧❧❛ ② ❡♥❝♦♥tr❛♠♦s

✉♥ ♠í♥✐♠♦ ❣❧♦❜❛❧ ♣❛r❛ D(sn, θm)✳

✸✳✹✳ ❉❡s❝r✐♣❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ❡❧ á♥❣✉❧♦ τ

P❛r❛ ✐❧✉str❛r ❧❛s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✱ ❡♥ ♣❛rt✐❝✉❧❛r s✉

✈í♥❝✉❧♦ ❝♦♥ ❧❛ t♦rs✐ó♥ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦✱ ❡st✉❞✐❛♠♦s ❧❛s ♣r♦♣✐❡❞❛❞❡s ❞❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡

❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥❛ ❘❆ ✭✈❡r ❙❡❝❝✐ó♥ ✷✳✸✮✳ ❊st❡ ♠♦❞❡❧♦ ♠✉❡str❛ ❝♦♠♦ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡

❧❛ ▲■P ♥♦s ♣❡r♠✐t❡ ❝❛r❛❝t❡r✐③❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛✳

❊♥ ❧❛ ❋✐❣✉r❛ ✸✳✺ ❞❡✜♥✐♠♦s ✉♥❛ s❡r✐❡ ❞❡ á♥❣✉❧♦s ❡♥ r❡❧❛❝✐ó♥ ❛❧ t✐❧t ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡

❧❛ ▲■P ♣❛r❛ ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ②

♥❡❣❛t✐✈❛✳ ❊❧ á♥❣✉❧♦ φ ✈❛rí❛ ❞❡s❞❡ −90◦ ❛ 90◦ ❡♥tr❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✕♦❡st❡ ② ❡❧ s❡❣♠❡♥t♦

❞❡❧ ❜✐♣♦❧♦✱ ② ❝♦rr❡s♣♦♥❞❡ ❛❧ t✐❧t ❞❡ ❧❛ ❘❆ ✭✈❡r ❙❡❝❝✐ó♥ ✸✳✷✮✳ ▲❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P✱

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✺✺ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❋✐❣✉r❛ ✸✳✺✿ ❊sq✉❡♠❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥

✉♥✐❢♦r♠❡ ♣♦s✐t✐✈❛ ✭❛✮ ② ♥❡❣❛t✐✈❛ ✭❜✮✳ ❚♦❞♦s ❧♦s á♥❣✉❧♦s ❡stá♥ ❞❡✜♥✐❞♦s ♣♦s✐t✐✈♦s ❡♥ ❧❛

❞✐r❡❝❝✐ó♥ ❛♥t✐❤♦r❛r✐❛✳ φ ❡s ❡❧ t✐❧t ❞❡❧ ❜✐♣♦❧♦ ❞❡ ❧❛ ❘❆ ② θ ❞❡✜♥❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛

▲■P✱ ❛♠❜♦s á♥❣✉❧♦s ❡stá♥ t♦♠❛❞♦s ❞❡s❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✕♦❡st❡ ✭❡❥❡ x✮✳ ❊❧ á♥❣✉❧♦ ❞❡ ❧❛s

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✱ τ ✱ ❡stá ❞❡✜♥✐❞♦ ❝♦♠♦ ❡❧ á♥❣✉❧♦ ❛❣✉❞♦ ❡♥tr❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ▲■P ②

❧❛ ❞✐r❡❝❝✐ó♥ ♦rt♦❣♦♥❛❧ ❛❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦✳

❞❡s❝r✐♣t❛ ♣♦r ❡❧ á♥❣✉❧♦ θ✱ ❡stá ❞❡✜♥✐❞❛ ❡♥tr❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✕♦❡st❡ ② ❧❛ r❡❝t❛ ♦❜t❡♥✐❞❛

♣♦r ❡❧ ♠ét♦❞♦ ❞❡s❝r✐♣t♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✸✳ ❚♦♠❛♠♦s ❛❧ á♥❣✉❧♦ θ ❞❡♥tr♦ ❞❡ ❧♦s ♣r✐♠❡r♦s ❞♦s

❝✉❛❞r❛♥t❡s ✭❝✉❛❞r❛♥t❡s s✉♣❡r✐♦r❡s✮ ❞❡ ♠♦❞♦ q✉❡ θ− φ ✈❛rí❡ ❡♥tr❡ 0◦ ② 180◦✳ ❋✐♥❛❧♠❡♥t❡

❞❡✜♥✐♠♦s ❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ τ ✱ ❝♦♠♦ ❡❧ á♥❣✉❧♦ ❛❣✉❞♦ ❡♥tr❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ▲■P

② ❧❛ ❞✐r❡❝❝✐ó♥ ♦rt♦❣♦♥❛❧ ❛❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ❞❡ ❧❛ ❘❆ ✭✈❡r ❋✐❣✉r❛ ✸✳✺✮✳ ❊♥t♦♥❝❡s✱ τ

❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♥ θ ② φ ❞❡ ❧❛ s✐❣✉✐❡♥t❡ ♠❛♥❡r❛✿

τ = φ− θ + 90◦ . ✭✸✳✼✮

❊❧ r❛♥❣♦ s❡❧❡❝❝✐♦♥❛❞♦ ♣❛r❛ θ−φ ✐♠♣❧✐❝❛ q✉❡ τ ✈❛rí❛ ❡♥tr❡ −90◦ ② 90◦✳ ❊st❛ ❞❡✜♥✐❝✐ó♥

❞❡ τ ✉s❛ ❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ❝♦♠♦ ❞✐r❡❝❝✐ó♥ ❞❡ r❡❢❡r❡♥❝✐❛ ❞❡❜✐❞♦ ❛ q✉❡ ❡st❛ ❞✐r❡❝❝✐ó♥

s❡ ❝❛❧❝✉❧❛ ❞✐r❡❝t❛♠❡♥t❡ ❞❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s✱ s✐♥ ❡♠❜❛r❣♦ ❡s só❧♦ ✉♥❛ ♣r✐♠❡r❛ ❛♣r♦①✐✲

♠❛❝✐ó♥ ❞❡ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡ ❧❛ ❘❆✳ ▼ás ❛❞❡❧❛♥t❡ ✈❡r❡♠♦s q✉❡ ❡st❛ s❡❧❡❝❝✐ó♥ ♥♦ ❡s

❞❡❧ t♦❞♦ ❝♦♥✈❡♥✐❡♥t❡ ②❛ q✉❡ ❡❧ t✐❧t ❡s ❛❢❡❝t❛❞♦ ♣♦r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳

❈✉❛♥❞♦ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ♥♦ t✐❡♥❡ t♦rs✐ó♥ ❧❛ ▲■P ❡s ♦rt♦❣♦♥❛❧ ❛❧

❋❡❜r❡r♦ ✷✵✶✼ ✺✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✹✳ ❉❊❙❈❘■P❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❈❖◆ ❊▲ ➪◆●❯▲❖ τ

s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ✭✈❡r ❋✐❣✉r❛ ✸✳✺✮✱ ❡q✉✐✈❛❧❡♥t❡♠❡♥t❡✱ τ = 0 ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❡♠❡r❣❡♥❝✐❛✳

❈✉❛♥❞♦ ❧❛ t♦rs✐ó♥ ✭Nt✮ ❡s ♣♦s✐t✐✈❛✱ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♣r❡s❡♥t❛♥ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ❝♦♠♦ s❡ ✈❡ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✺❛✳ ❊♥t♦♥❝❡s τ ❡s ♣♦s✐t✐✈♦ ② ❝r❡❝❡ ♠♦♥ót♦♥❛♠❡♥t❡

❝♦♥ ❧❛ t♦rs✐ó♥ ✭❞❡❜✐❞♦ ❛❧ ✐♥❝r❡♠❡♥t♦ ❞❡ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ ❞❡❧ t✉❜♦ ❡♥ ❧❛

❞✐r❡❝❝✐ó♥ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛✮✳ ❈✉❛♥❞♦ ❡❧ ❝❛♠♣♦ ♣♦s❡❡ ✉♥❛ t♦rs✐ó♥ ♥❡❣❛t✐✈❛ ✭Nt < 0✮✱

❧❛s ❧❡♥❣✉❛s ♠♦❞✐✜❝❛♥ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❝♦♠♦ s❡ ♠✉❡str❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✺❜❀ ❡♥ ❡st❡ ❝❛s♦✱ τ

t♦♠❛ ✈❛❧♦r❡s ♥❡❣❛t✐✈♦s q✉❡ s♦♥ ♠♦♥ót♦♥❛♠❡♥t❡ ♠❡♥♦r❡s ✭♠❛②♦r❡s ❡♥ ♠ó❞✉❧♦✮ ❛ ♠❡❞✐❞❛

q✉❡ ❧❛ ♠❛❣♥✐t✉❞ ❞❡ ❧❛ t♦rs✐ó♥ ♥❡❣❛t✐✈❛ ❛✉♠❡♥t❛✳ ❈♦♥ ❡st❛ ❞❡✜♥✐❝✐ó♥✱ τ ❡s ✉♥❛ ❢✉♥❝✐ó♥

♠♦♥ót♦♥❛♠❡♥t❡ ❝r❡❝✐❡♥t❡ ❞❡ ❧❛ t♦rs✐ó♥ ✭❝♦♠♦ ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt✮ ② ♣♦s❡❡ s✐❡♠♣r❡

❡❧ ♠✐s♠♦ s✐❣♥♦ q✉❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ♠♦❞❡❧❛❞♦✳

▲❛ ❋✐❣✉r❛ ✸✳✻ ♠✉❡str❛ ❝♦♠♦ ❡❥❡♠♣❧♦ ❞❡❧ ♠♦❞❡❧♦ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ Nt = 1 ❡♥

❡♠❡r❣❡♥❝✐❛ ❛ tr❛✈és ❞❡❧ ♣❧❛♥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛✳ ❊❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ s❡ ❡♥❝✉❡♥tr❛ ❛

❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ x✳ ▲❛ ❞❡❢♦r♠❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡❜✐❞♦ ❛ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡

t♦rs✐ó♥ ❡♥ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ♣r♦❞✉❝❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ✭❋✐❣✉r❛ ✸✳✻❛✮✳ ❆ ♠❡❞✐❞❛ q✉❡

❡❧ t✉❜♦ ❡♠❡r❣❡✱ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛ ❘❆ t✐❡♥❞❡♥ ❛ s❡♣❛r❛rs❡ ② ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s❡

❝♦♥tr❛❡♥ ✭❋✐❣✉r❛ ✸✳✻❜✮✳ P❛r❛ ✉♥ ♠♦❞❡❧♦ s✐♠♣❧❡ s✐♥ t♦rs✐ó♥✱ Nt = 0✱ ❛♠❜❛s ♣♦❧❛r✐❞❛❞❡s

❝♦♥s❡r✈❛♥ ✉♥❛ ❢♦r♠❛ ❝✐r❝✉❧❛r ✭s✐♠étr✐❝❛ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ y✮ ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❡✈♦❧✉❝✐ó♥✱ ♣♦r

❧♦ q✉❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♥♦ ❡stá♥ ♣r❡s❡♥t❡s ✭✈❡r ❋✐❣✉r❛ ✷✳✻❛ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸✮✳ ❊♥

❧♦s ♣❛♥❡❧❡s ❛ ② ❜ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✻ ♠❛r❝❛♠♦s ❝♦♥ ❧í♥❡❛s ❝♦♥t✐♥✉❛s ♥❡❣r❛s ❡❧ s❡❣♠❡♥t♦

q✉❡ ✉♥❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞ ② ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛ ▲■P✱ ❧❛ ❝✉❛❧ ❝❛❧❝✉❧❛♠♦s

❝♦♥ ❡❧ ♠ét♦❞♦ ❞❡s❝r✐♣t♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✸✳ ❆❧ ❝♦♠❡♥③❛r ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦

❛♣❛r❡❝❡♥ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ② ❧❛ ▲■P s❡ ❡♥❝✉❡♥tr❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥

❡st❡✕♦❡st❡✳ ❈✉❛♥❞♦ t♦❞♦ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❤❛ ❡♠❡r❣✐❞♦ ② ❧❛s ♣♦❧❛r✐❞❛❞❡s s❡ s❡♣❛r❛♥✱ ❧❛

▲■P t✐❡♥❞❡ ❛ ✉❜✐❝❛rs❡ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ❛❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦✳

❊♥ ❧❛s ❋✐❣✉r❛ ✸✳✻❝✱❞ ♣r❡s❡♥t❛♠♦s ❧♦s r❡s✉❧t❛❞♦s ❞❡❧ ❛♥á❧✐s✐s ❛♣❧✐❝❛❞♦ ❛❧ ♠♦❞❡❧♦ ❞❡

❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ♠✐s♠❛ ❢♦r♠❛ q✉❡ ❡♥ ❧♦s ❝❛♣ít✉❧♦s s✐❣✉✐❡♥t❡s✳ ▼♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✱ φ ✭❧í♥❡❛ ❛♥❛r❛♥❥❛❞❛✮✱ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ✈✐♦❧❡t❛✮ ② τ ✭❧í♥❡❛

✈❡r❞❡✮ ♣❛r❛ ❝❛❞❛ ♣❛s♦ t❡♠♣♦r❛❧ ❞❡❧ ♠♦❞❡❧♦✳ ▲❛s ✜❣✉r❛s ♠✉❡str❛♥ q✉❡ ❤❛② ✉♥❛ ❡✈♦❧✉❝✐ó♥

❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡st♦s ♣❛rá♠❡tr♦s ❛s♦❝✐❛❞❛ ❛ ❧❛ ❢♦r♠❛❝✐ó♥ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳ ▲❛

✐♥❝♦r♣♦r❛❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❛ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❛❢❡❝t❛ ❧❛ ❡st✐♠❛❝✐ó♥

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✺✼ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

Magnetic Flux

Magnetic Flux

❋✐❣✉r❛ ✸✳✻✿ ▼❛❣♥❡t♦❣r❛♠❛ s✐♥tét✐❝♦ ♦❜t❡♥✐❞♦ ❛ ♣❛rt✐r ❞❡ ✉♥ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡

❘❆s ❜❛s❛❞♦ ❡♥ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛✳ ❊❧ ❝❛♠♣♦ ♣♦s❡❡

✉♥ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt = 1 ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t♦r♦ ② ✉♥ ❝♦❝✐❡♥t❡ ❡♥tr❡ ❡❧ r❛❞✐♦ ♠❡♥♦r

② ❡❧ ♠❛②♦r ❞❡ a/R = 0,4✳ ✭❛✮ ② ✭❜✮ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❞♦s ♣❛s♦s ❞❡ t✐❡♠♣♦ ❞✐st✐♥t♦s ❡♥ ❧❛

❡♠❡r❣❡♥❝✐❛✳ ▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐♥✉♦s ✭❞✐s❝♦♥t✐♥✉♦s✮ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮

❝♦rr❡s♣♦♥❞❡♥ ❛ ✈❛❧♦r❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ t♦♠❛❞♦s ❡♥ ✶✵✱ ✷✺ ✱✺✵

② ✼✵ ✪ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ✭Bmax = 1000G✮✳ ❊♥ r♦❥♦ ② ❛③✉❧ s❡ r❡♣r❡s❡♥t❛ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ✭❝✮ ② ✭❞✮ ♠✉❡str❛♥

❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ✈✐♦❧❡t❛✮✱ τ ✭❧í♥❡❛ ✈❡r❞❡✮✱ φ ✭❧í♥❡❛ ❛♥❛r❛♥❥❛❞❛✮ ②

❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♣❛r❛ ❛♠❜❛s ♣♦❧❛r✐❞❛❞❡s ✭❧í♥❡❛ ♥❡❣r❛✮ ♣❛r❛ ❧❛ ❘❆ ♠♦❞❡❧❛❞❛✳

▲♦s á♥❣✉❧♦s τ ② φ ❡stá♥ ❞❡✜♥✐❞♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✺✳ ❊❧ ♣❛♥❡❧ ✭❝✮ ♠✉❡str❛ ❧♦s ✈❛❧♦r❡s

❞❡ τ ♣r♦♠❡❞✐♦✱ τ ✱ ② ♠á①✐♠♦✱ τmax✱ ❝❛❧❝✉❧❛❞♦s ❡♥tr❡ ❧❛s ❧í♥❡❛ ✈❡rt✐❝❛❧ ② ❡❧ ♣r✐♠❡r ♣❛s♦

t❡♠♣♦r❛❧✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✹ ❞❡s❝r✐❜✐♠♦s ❝♦♥ ❞❡t❛❧❧❡ ❧❛ ✐♠♣♦rt❛♥❝✐❛ ❞❡ ❡st♦s ✈❛❧♦r❡s ♣❛r❛

❧❛ ❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ▲❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ ✈❡rt✐❝❛❧ ♠❛r❝❛ ❡❧ ♣❛s♦

t❡♠♣♦r❛❧ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❧ ✢✉❥♦ ♠á①✐♠♦✳ ▲❛s ❧í♥❡❛s ❤♦r✐③♦♥t❛❧❡s ✐♥❞✐❝❛♥ ❧♦s ✈❛❧♦r❡s

♣r♦♠❡❞✐♦ ② ♠á①✐♠♦s ❞❡ τ ✭❛rr✐❜❛✮ ② φ ✭❛❜❛❥♦✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✺✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✹✳ ❉❊❙❈❘■P❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❈❖◆ ❊▲ ➪◆●❯▲❖ τ

❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞✱ ✈❛r✐❛♥❞♦ ❡❧ ✈❛❧♦r ❞❡ φ✳ ❊♥ ❡st❡ ❡❥❡♠♣❧♦✱ ❡❧ t✐❧t ❡s

✐♥✐❝✐❛❧♠❡♥t❡ ❝❡r❝❛♥♦ ❛ −40◦❀ ❧✉❡❣♦ ❞✐s♠✐♥✉②❡ ♠♦♥ót♦♥❛♠❡♥t❡ ❛ ❝❡r♦✱ ✐♠♣❧✐❝❛♥❞♦ ✉♥❛

s✐❣♥✐✜❝❛t✐✈❛ r♦t❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ ✭❋✐❣✉r❛ ✸✳✻❝✮✳ ❊st❛ r♦t❛❝✐ó♥ ❡s ❡s♣✉r✐❛ ②❛ q✉❡ ❡❧ ❡❥❡

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡stá ❞❡ ❤❡❝❤♦ s✐❡♠♣r❡ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ x✳ ▲❛ ♣r❡s❡♥❝✐❛ ❞❡ t♦rs✐ó♥ ❡♥

❡❧ ❝❛♠♣♦ t✐❡♥❡ t❛♠❜✐é♥ ✉♥❛ ❝♦♥s❡❝✉❡♥❝✐❛ ❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦✱ ❡❧ ❝✉❛❧

❛❧❝❛♥③❛ ✉♥ ♠á①✐♠♦ ❞❡❜✐❞♦ ❛ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛③✐♠✉t❛❧ ❞❡❧ ❝❛♠♣♦ ❡♥

❧❛ ❞✐r❡❝❝✐ó♥ ♦rt♦❣♦♥❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ✭✈❡r ❧❛ ❝✉r✈❛ ✈✐♦❧❡t❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✻❝✮✳ ❆ ♠❡❞✐❞❛

q✉❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❝♦♥t✐♥ú❛✱ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❛③✐♠✉t❛❧ ❞✐s♠✐♥✉②❡ ② ❞❡s❛♣❛r❡❝❡

❝✉❛♥❞♦ ❧❛ ♠✐t❛❞ ❞❡❧ t♦r♦ ❝r✉③❛ ❡❧ ♣❧❛♥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛✱ ♠♦♠❡♥t♦ ❡♥ ❡❧ q✉❡ ❧❛s ♣❛t❛s ❞❡❧

t✉❜♦ ❞❡ ✢✉❥♦ s♦♥ ♦rt♦❣♦♥❛❧❡s ❛ ❧❛ ♠✐s♠❛✳ ❖❜s❡r✈❛♥❞♦ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✱

❡s❡ ❞❡❝r❡❝✐♠✐❡♥t♦ ♣♦❞rí❛ s❡r ❡rró♥❡❛♠❡♥t❡ ✐♥t❡r♣r❡t❛❞♦ ❝♦♠♦ ✉♥❛ ❝❛♥❝❡❧❛❝✐ó♥ ❞❡ ✢✉❥♦✳

❋✐♥❛❧♠❡♥t❡✱ ✈❡♠♦s q✉❡ ❡❧ s✐❣♥♦ ❞❡ τ ❡stá ❜✐❡♥ ❞❡✜♥✐❞♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ t♦❞❛ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛✱ ❝♦♠♦ ♠✉❡str❛ ❧❛ ❋✐❣✉r❛ ✸✳✻❝✱ ② t✐❡♥❞❡ ❛ ❝❡r♦ ❝✉❛♥❞♦ ❧❛s ❧❡♥❣✉❛s s❡ r❡tr❛❡♥

② ❞❡s❛♣❛r❡❝❡♥✳

❖tr♦ ♣❛rá♠❡tr♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡s ❧❛ ❡❧♦♥❣❛❝✐ó♥

❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛ ❘❆ ✭E✮✳ ▲❛ ❋✐❣✉r❛ ✸✳✻❞ ♠✉❡str❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❡❧♦♥❣❛❝✐ó♥

❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✱ ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ❢✉❡ ❞❡✜♥✐❞❛ ♣♦r ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮✳ ❊s ♠á①✐♠❛ ❛❧

❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ② ❞❡❝r❡❝❡ ♠♦♥ót♦♥❛♠❡♥t❡ ❛ ♠❡❞✐❞❛ q✉❡ t✉❜♦ ❞❡ ✢✉❥♦

❡♠❡r❣❡✳ ❊❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞✐s♠✐♥✉②❡ ♠ás rá♣✐❞♦ q✉❡ s♦❜r❡ τ ✱

❝♦♠♦ ✈❡♠♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✻❞✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛❧ ❞✐s♠✐♥✉✐r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ✭② s❡r

♠❡♥♦r ❧❛ ❡❧♦♥❣❛❝✐ó♥ E✮ ♠ás ✐♥❝✐❡rt❛ ❡s t❛♠❜✐é♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ τ ✱ ❞❡❜✐❞♦ ❛ q✉❡ ❡❧

á♥❣✉❧♦ ❡s ❛❢❡❝t❛❞♦ ❡♥ ♠❛②♦r ♠❡❞✐❞❛ ♣♦r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♥♦ ♣❡rt❡♥❡❝✐❡♥t❡

❛❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡♠❡r❣❡♥t❡ ✭♣♦r ❡❥❡♠♣❧♦✱ r❡♠❛♥❡♥t❡s ❞❡ ✢✉❥♦ ❞❡ ❢♦♥❞♦ ❡♥ ❘❆s✮✳ ❊♥ ❧❛

s✐❣✉✐❡♥t❡ s❡❝❝✐ó♥ ❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ♥♦ ❤♦♠♦❣é♥❡❛

② ❧❛ ✐♥❝❡rt❡③❛ ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ s♦❜r❡ ❧❛ ❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ ▲■P ② ❞❡

τ ✳

❊♥ ❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✻ ♥♦ ♦❜s❡r✈❛♠♦s ✢✉❝t✉❛❝✐♦♥❡s ❡♥ ❧♦s ❝á❧❝✉❧♦s ❞❡

τ ② ❞❡ φ✳ ❊st♦ s❡ ❞❡❜❡ ❛ q✉❡ ❡❧ ♠♦❞❡❧♦ só❧♦ r❡♣r♦❞✉❝❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❣❧♦❜❛❧ ❞❡ ❧❛s ♣♦❧❛r✐❞❛✲

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

❤✐❞r♦❞✐♥á♠✐❝❛s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✸✳✼ ♠♦str❛♠♦s ❧♦s r❡s✉❧t❛❞♦s ❞❡ ❛♣❧✐❝❛r ♥✉❡str♦ ♣r♦❝❡❞✐✲

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✺✾ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❋✐❣✉r❛ ✸✳✼✿ ▼❛❣♥❡t♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s✲

❢ér✐❝♦ ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛ ♣r❡s❡♥t❛❞❛ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✷✳✷✳ ❊♥ ❧♦s ♣❛♥❡❧❡s ✭❛✮ ②

✭❝✮ ♠♦str❛♠♦s ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ♣❛r❛ ❞♦s ♣❛s♦s

t❡♠♣♦r❛❧❡s ❞✐st✐♥t♦s✳ ▲❛ ❝♦♥✈❡♥❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦s ② ❝♦❧♦r❡s ❡s ❧❛ ♠✐s♠❛ q✉❡ ❡♥ ❧❛ ❋✐✲

❣✉r❛s ✸✳✷ ✕ ✸✳✸✳ ▲❛ s✐♠✉❧❛❝✐ó♥ ❝♦♥s✐st❡ ❡♥ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦

❝♦♥ t♦rs✐ó♥ q✉❡ ❛s❝✐❡♥❞❡ ❞❡s❞❡ ❧❛ ❜❛s❡ ❞❡❧ r❡❝✐♥t♦ ❞❡ ✐♥t❡❣r❛❝✐ó♥ ✉❜✐❝❛❞❛ ❛ 10Mm ♣♦r

❞❡❜❛❥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛✳ ❊♥ ❧♦s ♣❛♥❡❧❡s ✭❜✮ ② ✭❞✮ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥é✲

t✐❝♦ ✭✈✐♦❧❡t❛✮✱ ❧♦s á♥❣✉❧♦s τ ✭✈❡r❞❡✮ ② φ ✭❛♥❛r❛♥❥❛❞♦✮ ② ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳

▲❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭E+✮ ② ❧❛ ♥❡❣❛t✐✈❛ ✭E−✮ ❢✉❡r♦♥ ❝❛❧❝✉❧❛❞❛s ❝♦♠♦

❡stá ✐♥❞✐❝❛❞♦ ❡♥ ❡❧ ❛♣é♥❞✐❝❡ ❞❡ ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮✳ Emean ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ❡❧♦♥❣❛❝✐ó♥

♣r♦♠❡❞✐♦ ❞❡ ❛♠❜❛s ♣♦❧❛r✐❞❛❞❡s✳ ❊♥ ❡❧ ♣❛♥❡❧ ✭❜✮ ✐♥❞✐❝❛♠♦s ❡❧ ✈❛❧♦r ♣r♦♠❡❞✐♦ ❞❡ τ ✭τ✮ ②

❡❧ ✈❛❧♦r ♠á①✐♠♦ ✭τmax✮ ❝❛❧❝✉❧❛❞♦s ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✹

✉t✐❧✐③❛♠♦s ❡st♦s ✈❛❧♦r❡s ♣❛r❛ ❧❛ ❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳

❋❡❜r❡r♦ ✷✵✶✼ ✻✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✺✳ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❊◆ ▲❆❙ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

♠✐❡♥t♦ s♦❜r❡ ❧❛ s✐♠✉❧❛❝✐ó♥ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮ ♣r❡s❡♥t❛❞❛ ❡♥

❧❛ ❙❡❝❝✐ó♥ ✷✳✷✳ ❊♥ ❡st❛ s✐♠✉❧❛❝✐ó♥✱ ❡❧ ❝❛♠♣♦ ❡stá ❞❡✜♥✐❞♦ ♣♦r ♠❡❞✐♦ t♦r♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐✲

❢♦r♠❡ ✭Nt = 0,5✮ q✉❡ ❡s ❛❞✈❡❝t❛❞♦ ❛ tr❛✈és ❞❡ ❧❛ ❜❛s❡ ❞❡❧ r❡❝✐♥t♦ ❞❡ ✐♥t❡❣r❛❝✐ó♥ ② ❧✉❡❣♦

❛s❝✐❡♥❞❡ ♣♦r ✢♦t❛❝✐ó♥ ❛ tr❛✈és ❞❡ ✉♥❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✳ ▲❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ t✐❡♥❡ 10Mm

❞❡ ❡s♣❡s♦r ② ✶✵ ♥✐✈❡❧❡s ❞❡ ❡str❛t✐✜❝❛❝✐ó♥ ❡♥ ❧❛ ♣r❡s✐ó♥✱ ❞❡s❞❡ ❧❛ ❜❛s❡ ❤❛st❛ ❧❛ s✉♣❡r✜❝✐❡✳

▲❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❡♥ ❧❛ s✉♣❡r✜❝✐❡ ❞❡✜♥❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s

q✉❡ ✈❡♠♦s ❡♥ ❧♦s ♣❛♥❡❧❡s ❛ ② ❝ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✼✳

❊♥ ❧♦s ♣r✐♠❡r♦s ✹✵ ♣❛s♦s t❡♠♣♦r❛❧❡s s❡ ♣r♦❞✉❝❡ ✉♥❛ ❛❝✉♠✉❧❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥é✲

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

❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥❛ ❘❆ ❡♥ ❡❧ s♦❧ q✉✐❡t♦✳ ▲♦s ♣❡q✉❡ñ♦s ❜✐♣♦❧♦s ♣r❡s❡♥t❡s ❞✉r❛♥t❡ ❡❧

❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡❧ t✉❜♦ ❛❢❡❝t❛♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τ ❣❡♥❡r❛♥❞♦ ✢✉❝t✉❛❝✐♦♥❡s

❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P✱ ❧♦ ❝✉❛❧ r❡♣r♦❞✉❝❡ ❧♦ ♦❜s❡r✈❛❞♦ ❡♥ ❧❛s ❘❆s✳ ❙✐♥ ❡♠❜❛r❣♦✱

t❛♥t♦ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡ ❧❛ ▲■P ❝♦♠♦ ❡❧ á♥❣✉❧♦ τ ❡stá♥ ❜✐❡♥ ❞❡✜♥✐❞♦s ❛ ❧♦ ❧❛r❣♦ ❞❡ t♦❞❛

❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❚❛♠❜✐é♥ s❡ ♦❜s❡r✈❛ q✉❡ ❡❧ s✐❣♥♦ ❞❡ τ ❝♦✐♥❝✐❞❡ ❝♦♥ ❡❧ s✐❣♥♦ ❞❡ ❧❛

t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ✉s❛❞♦ ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ✐♥✐❝✐❛❧✳

✸✳✺✳ ❊✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❊♥ ❡st❛ s❡❝❝✐ó♥ ❞❡s❝r✐❜✐♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τ ② ♦tr♦s ♣❛rá♠❡tr♦s ❞❡ ❧❛s ❘❆s✱ q✉❡

♣✉❡❞❡♥ ✈❡rs❡ ❛❢❡❝t❛❞♦s ♣♦r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳ ❊♥ ❧❛s ❋✐❣✉r❛s ✸✳✽ ✕ ✸✳✾

♠♦str❛♠♦s ❛❧❣✉♥♦s ❡❥❡♠♣❧♦s ❞❡ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s ♦❜s❡r✈❛❞❛s ❡♥tr❡ ✷✵✵✸ ② ✷✵✶✶ ♣❛r❛

♣r♦❜❛r ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ② ❡st✉❞✐❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ❧❛ ▲■P✳ ❊st♦s ❡❥❡♠♣❧♦s

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

❞❡ ❧❛ ♠✉❡str❛✳ P❛r❛ ✉♥❛ ♠❡❥♦r ❛♣r❡❝✐❛❝✐ó♥ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦✱ ❡❧ ✈❛❧♦r ♠í♥✐♠♦

❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧♦s ♣r✐♠❡r♦s r❡❝tá♥❣✉❧♦s ❞❡ s❡❧❡❝❝✐ó♥ ✈❛r✐❛❜❧❡ ❢✉❡ r❡st❛❞♦ ❛❧ ✢✉❥♦

t♦t❛❧ ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐❣✉✐❡♥t❡s✱ ♣♦r ❧♦ ❝✉❛❧ t♦❞❛s ❧❛s ❝✉r✈❛s ❞❡ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ❝♦♠✐❡♥③❛♥ ❡♥ ❝❡r♦✳

❆❧❣✉♥♦s ♣r♦❜❧❡♠❛s ✐♥trí♥s❡❝♦s ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❢♦t♦s❢ér✐❝♦ ♣✉❡❞❡♥ ❝♦♠♣❧✐✲

❝❛r ♥✉❡str♦ ❛♥á❧✐s✐s✳ P♦r ❡st❡ ♠♦t✐✈♦ ❢✉❡ ♥❡❝❡s❛r✐♦ ❡♥ ❛❧❣✉♥♦s ❝❛s♦s ❧✐♠✐t❛r ❡❧ ♥ú♠❡r♦

❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ✉s❛❞♦s ♣❛r❛ ❝❛❞❛ ❘❆✳ ❊♥ ❝❛❞❛ ❝❛s♦ ✐❞❡♥t✐✜❝❛♠♦s ❧❛s ✢✉❝t✉❛❝✐♦♥❡s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✻✶ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

♣r♦❞✉❝✐❞❛s✱ t❛♥t♦ ♣♦r ❞❛t♦s ♠❛❧♦s ♦ ♣♦r ❡♠❡r❣❡♥❝✐❛s s❡❝✉♥❞❛r✐❛s q✉❡ ❛❢❡❝t❛❜❛♥ ❧❛ ❞✐s✲

tr✐❜✉❝✐ó♥ ❜✐♣♦❧❛r ❞❡ ❧❛s ❘❆s✱ ♣❛r❛ ❡①❝❧✉✐r ❞❡ ❢♦r♠❛ ♣❛r❝✐❛❧ ♦ t♦t❛❧ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡

♥✉❡str♦ ❛♥á❧✐s✐s✳

❊♥ ❧❛s ❋✐❣✉r❛s ✸✳✽ ② ✸✳✾ ♠♦str❛♠♦s ❞♦s ❡❥❡♠♣❧♦s ❞❡ ❘❆s✱ ✉♥❛ ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛

♣♦s✐t✐✈❛ ② ♦tr❛ ♥❡❣❛t✐✈❛✳ ▲❛ ❘❆ ✶✵✻✻✹ ✭❋✐❣✉r❛ ✸✳✽✮ ❡♠❡r❣❡ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r ✭❙✶✶✮ ❡❧

✶✾ ❞❡ ❛❣♦st♦ ❞❡ ✷✵✵✹✳ ▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s♦♥ ❝❧❛r❛♠❡♥t❡ ✈✐s✐❜❧❡s ❞❡s❞❡ ❡❧ ❝♦♠✐❡♥③♦

❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❤❛st❛ ♠❡❞✐❛❞♦s ❞❡❧ ❞í❛ ✷✶✳ ❊❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❛❧❝❛♥③❛ ✉♥ ♠á①✐♠♦ ②

❧✉❡❣♦ ❝♦♥t✐♥ú❛ ❛✉♠❡♥t❛❞♦ ♠ás ❧❡♥t❛♠❡♥t❡✳ ❊❧ ✈❛❧♦r ❞❡ τ ❝♦♠✐❡♥③❛ ✢✉❝t✉❛♥❞♦ ❞❡❜✐❞♦ ❛

q✉❡ ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛ ▲■P ❡s ❛❢❡❝t❛❞❛ ♣♦r ❡st❡ ❧❡♥t♦ ✐♥❝r❡♠❡♥t♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ q✉❡

❛♣❛r❡❝❡ ❡♥tr❡ ❧❛s ❞♦s ♣♦❧❛r✐❞❛❞❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ❧❛ ❘❆✳ P❛r❛ ❡❧ ❞í❛ ✷✹ ❞❡ ❛❣♦st♦ ❧❛ ▲■P

❞❡ ❧❛ ❘❆ ❡s ♦rt♦❣♦♥❛❧ ❛ ❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✕♦❡st❡ ✭❋✐❣✉r❛ ✸✳✽❜✮✳ ▲✉❡❣♦ ❞❡❧ ✷✺ ❞❡ ❛❣♦st♦✱ ❡❧

✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ s❡❝✉♥❞❛r✐❛ ❛✉♠❡♥t❛ ♠ás rá♣✐❞♦ ♣❡r♦ ❧❛s ❧❡♥❣✉❛s ②❛ ♥♦

s♦♥ ❝❧❛r❛♠❡♥t❡ ✈✐s✐❜❧❡s✳ ❊❧ s✐❣♥♦ ❞❡ τ ❞✉r❛♥t❡ ❧❛ ♣r✐♠❡r❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❝♦rr❡s♣♦♥❞❡

❛ ❧❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ✭❋✐❣✉r❛ ✸✳✽❝✮✳ ❚❛♥t♦ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τ ❝♦♠♦

❧❛ ❞❡ φ s✐❣✉❡♥ ❡❧ ♠✐s♠♦ ❝♦♠♣♦rt❛♠✐❡♥t♦ q✉❡ ♦❜s❡r✈❛♠♦s ❡♥ ❡❧ ♠♦❞❡❧♦ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✻

❞✉r❛♥t❡ ❡❧ ♣❡rí♦❞♦ ♠❛r❝❛❞♦ ❝♦♥ ❧❛s ❧í♥❡❛s ✈❡rt✐❝❛❧❡s✳ ❊♥ ❡s❡ ✐♥t❡r✈❛❧♦✱ ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡

❧❛s ❝✉r✈❛s ❞❡ τ ② φ ♣❡r♠❛♥❡❝❡ ♣rá❝t✐❝❛♠❡♥t❡ ❝♦♥st❛♥t❡✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✹ ✈❡r❡♠♦s q✉❡

❡s❛ ❞✐st❛♥❝✐❛ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♥ ✉♥ ✈❛❧♦r ❝♦rr❡❣✐❞♦ ❞❡ τ ✳

▲❛ ❘❆ ✶✵✺✹✼ ✭❋✐❣✉r❛ ✸✳✾✮ ❛♣❛r❡❝❡ t❛♠❜✐é♥ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r ✭❙✾✮ ❞❡s❞❡ ❡❧ ✷✾ ❞❡

❡♥❡r♦ ❞❡ ✷✵✵✹✳ ❊st❛ ❘❆ ❡♠❡r❣❡ ❧❡♥t❛♠❡♥t❡ ❛❧❝❛♥③❛♥❞♦ ✉♥ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ 7×1021Mx

❡♥ s❡✐s ❞í❛s ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❉❡s❞❡ ❡❧ ✜♥❛❧ ❞❡❧ ✸✵ ❞❡ ❡♥❡r♦ ❤❛st❛ ❡❧ ❝♦♠✐❡♥③♦ ❞❡❧ ✸ ❞❡ ❢❡❜r❡r♦

♦❜s❡r✈❛♠♦s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝❧❛r❛s ❝♦♥ ❧❛ ❛♣❛r✐❡♥❝✐❛ tí♣✐❝❛ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s

❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ♥❡❣❛t✐✈❛ ✭✐♠❛❣❡♥ ❡s♣❡❥❛❞❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✻✮✳ ▲❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ τ

② φ ♣❡r♠❛♥❡❝❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡ ② ❞✐s♠✐♥✉②❡ s✉❛✈❡♠❡♥t❡ ❛ ♠❡❞✐❞❛ q✉❡ ❧❛

❘❆ ❡♠❡r❣❡ ❝♦♠♣❧❡t❛♠❡♥t❡ ② ❧❛s ❧❡♥❣✉❛s ❞❡s❛♣❛r❡❝❡♥ ✭❋✐❣✉r❛ ✸✳✾❝✮✱ ❝♦♠♦ ♦❝✉rr❡ ❡♥ ❡❧

♠♦❞❡❧♦ s❡♥❝✐❧❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡❧ á♥❣✉❧♦ φ ♣❡r♠❛♥❡❝❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

❝♦♥st❛♥t❡ ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❡st♦ ✐♠♣❧✐❝❛ q✉❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♥♦

❛❢❡❝t❛ ❡♥ ❡st❡ ❝❛s♦ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ t✐❧t ❞❡ ❧❛ ❘❆ ✭♥♦ ❤❛② ✉♥❛ r♦t❛❝✐ó♥ ❛♣❛r❡♥t❡ ❞❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ♣r✐♥❝✐♣❛❧❡s✮✳ ❊♥ ❡st❡ ❝❛s♦✱ ❡❧ ❛♥á❧✐s✐s ♥♦ ♣✉❞♦ r❡❛❧✐③❛rs❡ ❤❛st❛ ❛❧❝❛♥③❛r ❡❧

✢✉❥♦ ♠á①✐♠♦ ❞❡❜✐❞♦ ❛ q✉❡✱ ♣❛s❛❞♦ ❡❧ ✸ ❞❡ ❢❡❜r❡r♦✱ ❧❛ ❘❆ s❡ ❡♥❝♦♥tr❛❜❛ ❧❡❥♦s ❞❡❧ ❝❡♥tr♦

❋❡❜r❡r♦ ✷✵✶✼ ✻✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✺✳ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❊◆ ▲❆❙ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

Magnetic Flux

Magnetic Flux

❋✐❣✉r❛ ✸✳✽✿ ❊♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆ ✶✵✻✻✹ ♦❜s❡r✈❛❞❛ ♣♦r ▼❉■✳ ✭❛✮ ② ✭❜✮ s♦♥ ❧♦s ♠❛❣♥❡t♦✲

❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ ❘❆ ❡♥ ❞♦s t✐❡♠♣♦s ❞✐❢❡r❡♥t❡s ❞❡ s✉ ❡✈♦❧✉❝✐ó♥✳ ▲❛s ③♦♥❛s

❡♥ ♥✐✈❡❧❡s ❞❡ r♦❥♦ ② ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ♥❡✲

❣❛t✐✈♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐♥✉♦s ✭❞✐s❝♦♥t✐♥✉♦s✮ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛

✭♥❡❣❛t✐✈❛✮ ✐♥❞✐❝❛♥ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ❝♦♥ ✈❛❧♦r❡s ❞❡

100G✱ 500G✱ 1000G ② 1500G✳ ❊♥ ❡st♦s ♣❛♥❡❧❡s✱ ❧♦s ❡❥❡s ❤♦r✐③♦♥t❛❧❡s ✭x✮ ② ✈❡rt✐❝❛❧❡s ✭y✮

❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛s ❞✐r❡❝❝✐♦♥❡s ❡st❡✕♦❡st❡ ② s✉r✕♥♦rt❡ ❡♥ ❡❧ ❙♦❧✳ ✭❝✮ ❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ✈✐♦❧❡t❛✮✱ ❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s τ ✭❧í♥❡❛ ✈❡r❞❡✮ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φ

✭❧í♥❡❛ ❛♥❛r❛♥❥❛❞❛✮ ❝♦♠♦ ❡stá♥ ❞❡✜♥✐❞♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✺✳ ✭❞✮ ❊♥ r♦❥♦ ✭❛③✉❧✮ ♠♦str❛✲

♠♦s ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮ ② ❝♦♥ ✉♥❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ ♥❡❣r❛

❧❛ ❡❧♦♥❣❛❝✐ó♥ ♣r♦♠❡❞✐♦ ❡♥tr❡ ❧❛s ❞♦s ♣♦❧❛r✐❞❛❞❡s✳ ▲❛s ❞♦s ❧í♥❡❛s ❞✐s❝♦♥t✐♥✉❛s ✈❡rt✐❝❛❧❡s

♠✉❡str❛♥ ❡❧ ♣❡rí♦❞♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❡♥ ❞♦♥❞❡ s❡ ❛♥❛❧✐③❛r♦♥ ❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s ❞❡ τ ② φ✳

▲❛ ❧í♥❡❛ ♣✉♥t❡❛❞❛ ❛♥❛r❛♥❥❛❞❛ ✈❡rt✐❝❛❧ ♠✉❡str❛ ❡❧ t✐❡♠♣♦ ❡♥ ❡❧ q✉❡ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛

❡♥ ❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✻✸ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

Magnetic Flux

Magnetic Flux

❋✐❣✉r❛ ✸✳✾✿ ❊♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆ ✶✵✺✹✼ ♦❜s❡r✈❛❞❛ ♣♦r ▼❉■✳ ✭❛✮ ② ✭❜✮ s♦♥ ❧♦s ♠❛❣♥❡t♦✲

❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ ❘❆ ❡♥ ❞♦s t✐❡♠♣♦s ❞✐❢❡r❡♥t❡s ❞❡ s✉ ❡✈♦❧✉❝✐ó♥✳ ▲❛s ③♦♥❛s

❡♥ ♥✐✈❡❧❡s ❞❡ r♦❥♦ ② ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ♥❡✲

❣❛t✐✈♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐♥✉♦s ✭❞✐s❝♦♥t✐♥✉♦s✮ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛

✭♥❡❣❛t✐✈❛✮ ✐♥❞✐❝❛♥ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ❝♦♥ ✈❛❧♦r❡s ❞❡

100G✱ 500G✱ 1000G ② 1500G✳ ❊♥ ❡st♦s ♣❛♥❡❧❡s✱ ❧♦s ❡❥❡s ❤♦r✐③♦♥t❛❧❡s ✭x✮ ② ✈❡rt✐❝❛❧❡s ✭y✮

❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛s ❞✐r❡❝❝✐♦♥❡s ❡st❡✕♦❡st❡ ② s✉r✕♥♦rt❡ ❡♥ ❡❧ ❙♦❧✳ ✭❝✮ ❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ✈✐♦❧❡t❛✮✱ ❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s τ ✭❧í♥❡❛ ✈❡r❞❡✮ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φ

✭❧í♥❡❛ ❛♥❛r❛♥❥❛❞❛✮ ❝♦♠♦ ❡stá♥ ❞❡✜♥✐❞♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✺✳ ✭❞✮ ❊♥ r♦❥♦ ✭❛③✉❧✮ ♠♦str❛✲

♠♦s ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮ ② ❝♦♥ ✉♥❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ ♥❡❣r❛

❧❛ ❡❧♦♥❣❛❝✐ó♥ ♣r♦♠❡❞✐♦ ❡♥tr❡ ❧❛s ❞♦s ♣♦❧❛r✐❞❛❞❡s✳ ▲❛s ❞♦s ❧í♥❡❛s ❞✐s❝♦♥t✐♥✉❛s ✈❡rt✐❝❛❧❡s

♠✉❡str❛♥ ❡❧ ♣❡rí♦❞♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❡♥ ❞♦♥❞❡ s❡ ❛♥❛❧✐③❛r♦♥ ❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s ❞❡ τ ② φ✳

▲❛ ❧í♥❡❛ ♣✉♥t❡❛❞❛ ❛♥❛r❛♥❥❛❞❛ ✈❡rt✐❝❛❧ ♠✉❡str❛ ❡❧ t✐❡♠♣♦ ❡♥ ❡❧ q✉❡ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛

❡♥ ❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧✳

❋❡❜r❡r♦ ✷✵✶✼ ✻✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✺✳ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❊◆ ▲❆❙ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

❞❡❧ ❞✐s❝♦✱ s✉♣❡r❛♥❞♦ ❡❧ ❧í♠✐t❡ ❞❡ ❧♦♥❣✐t✉❞ ✐♠♣✉❡st♦ ❡♥ ♥✉❡str♦ ❝r✐t❡r✐♦ ❞❡ s❡❧❡❝❝✐ó♥✳

❈♦♠♦ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♥♦ ❡stá♥ ✐❣✉❛❧♠❡♥t❡ ❡❧♦♥❣❛❞❛s✱ ❝♦♠♦ ♦❝✉rr❡ ❡♥ ❡❧ ♠♦❞❡❧♦✱ ❧❛s

❋✐❣✉r❛s ✸✳✽❞ ② ✸✳✾❞ ♠✉❡str❛♥ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭E+✮✱ ❧❛ ♥❡❣❛t✐✈❛

✭E−✮ ② s✉ ♣r♦♠❡❞✐♦ ✭Emean✮ ♣♦r s❡♣❛r❛❞♦✳ ▲❛ ❞❡✜♥✐❝✐ó♥ ❞❡ ❡st♦s ♣❛rá♠❡tr♦s ❡s ❧❛ ♠✐s♠❛

q✉❡ ✉s❛ ▲✉♦♥✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ❡♥ s✉ ❡❝✉❛❝✐ó♥ ✭✶✹✮ ② Emean ❡s s✐♠♣❧❡♠❡♥t❡ ❡❧ ♣r♦♠❡❞✐♦ ❡♥tr❡

E+ ② E−✳ ❊♥ ❛♠❜♦s ❝❛s♦s✱ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❞❡♥tr♦ ❞❡❧ ♣❡rí♦❞♦ ❞❡ ❛♥á❧✐s✐s

❞❡ ❝❛❞❛ ❘❆ ❡s ❝♦♥s✐st❡♥t❡ ❝♦♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡❧ ♠♦❞❡❧♦ ✭❋✐❣✉r❛ ✸✳✻❞✮✳

▲✉❡❣♦ ❞❡ ❧❛s ✢✉❝t✉❛❝✐♦♥❡s ♦❜s❡r✈❛❞❛s ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ✭❡♥ ❡s♣❡❝✐❛❧ ♣❛r❛

❧❛ ❘❆ ✶✵✺✹✼✮✱ ❛♠❜♦s ❝❛s♦s ♠✉❡str❛♥ ✉♥❛ ❝❧❛r❛ ❛s✐♠❡trí❛ ❡♥tr❡ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ s✉s

♣♦❧❛r✐❞❛❞❡s✳ ❊st♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♥ ❧❛ ❝♦♥♦❝✐❞❛ ❛s✐♠❡trí❛ ❡♥ r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s✱ ❡♥

❞♦♥❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ ❡stá ♠ás ❝♦♥❝❡♥tr❛❞❛ ② ❧❛ s✐❣✉✐❡♥t❡ ♠ás ❞✐s♣❡rs❛ ✭❋❛♥

❡t ❛❧✳✱ ✶✾✾✸❀ ✈❛♥ ❉r✐❡❧✲●❡s③t❡❧②✐ ✫ ●r❡❡♥✱ ✷✵✶✹❀ ✈❛♥ ❉r✐❡❧✲●❡s③t❡❧②✐ ✫ P❡tr♦✈❛②✱ ✶✾✾✵✮✳

❈♦♠♦ ♠❡♥❝✐♦♥❛♠♦s ❛♥t❡s✱ ❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ✉t✐❧✐③❛❞♦ ❡♥ ❡st❡ tr❛❜❛❥♦ ♥♦

t✐❡♥❡ ❡♥ ❝✉❡♥t❛ ❧♦s ❡❢❡❝t♦s q✉❡ ❞❛♥ ♦r✐❣❡♥ ❛ ❡st❛s ❛s✐♠❡trí❛s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡♥❝♦♥tr❛♠♦s

q✉❡ ❧❛s ♠✐♠❛s ♥♦ ❛❢❡❝t❛♥ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ♠ét♦❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛

▲■P✳ ❈♦♠♦ ②❛ ❞✐❥✐♠♦s✱ ❡♥ ❣❡♥❡r❛❧✱ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡s ✉♥ ♣❛rá♠❡tr♦ q✉❡

❞✐s♠✐♥✉②❡ ♠❛r❝❛❞❛♠❡♥t❡ ❛ ♠❡❞✐❞❛ q✉❡ ❧❛ ❘❆ ❛❧❝❛♥③❛ s✉ ✢✉❥♦ ♠á①✐♠♦✱ ♠✐❡♥tr❛s q✉❡

❡❧ á♥❣✉❧♦ τ ♣✉❡❞❡ ❝♦♥t✐♥✉❛r ❞❛♥❞♦ ✉♥❛ ♠❡❞✐❞❛ s✐❣♥✐✜❝❛t✐✈❛ ❞❡ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s

♠❛❣♥ét✐❝❛s✳

✸✳✺✳✶✳ ■♥❝❡rt❡③❛ ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ τ

❯s❛♥❞♦ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞✐s❝✉t✐❞♦ ♣❛r❛ ♦❜t❡♥❡r ❧❛ ❛♣r♦①✐♠❛❝✐ó♥ ❞❡ ❧❛ ▲■P✱ ❡♥❝♦♥tr❛✲

♠♦s ❘❆s ❡♥ ❧❛s q✉❡ ❡❧ ✢✉❥♦ ❞✐s♣❡rs♦ ♦ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ♣♦❧❛r✐❞❛❞❡s ❝♦♠♣❧❡❥❛s ❞❛♥ ♠ú❧t✐♣❧❡s

♠í♥✐♠♦s ❧♦❝❛❧❡s ❞❡ D✳ ❊st♦s ♠í♥✐♠♦s ♣✉❡❞❡♥ t❡♥❡r ✈❛❧♦r❡s s✐♠✐❧❛r❡s ❛❧ ♠í♥✐♠♦ ❣❧♦❜❛❧

q✉❡ s❡❧❡❝❝✐♦♥❛♠♦s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✸✳✶✵ ♠♦str❛♠♦s ❞♦s ▲■Ps ❞✐❢❡r❡♥t❡s ❝❛❧❝✉❧❛❞❛s ❛ ♣❛rt✐r

❞❡ ✈❛❧♦r❡s s✐♠✐❧❛r❡s ❞❡ D✱ ②❛ q✉❡ ❛♠❜❛s ❧í♥❡❛s ❛❝✉♠✉❧❛♥ ❝❛♥t✐❞❛❞ ❞❡ ✢✉❥♦ s✐♠✐❧❛r❡s ❡♥

❧❛ r❡❣✐ó♥ ✏✐♥❝♦rr❡❝t❛✑ ✭✉ ♦♣✉❡st❛✮ ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛✳ P♦r ❧♦ t❛♥t♦✱ ♥❡❝❡s✐t❛♠♦s ♦❜t❡♥❡r

✉♥❛ ❡st✐♠❛❝✐ó♥ ❞❡ ❝✉❛♥ ❡st❛❜❧❡ ❡s ❡❧ ♠í♥✐♠♦ ❣❧♦❜❛❧ ❡♥❝♦♥tr❛❞♦ ❡♥ ❝❛❞❛ ❝❛s♦ ♣❛r❛ ♣♦❞❡r

❡st✐♠❛r ❡❧ ❡rr♦r ❡♥ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P ② ♣♦r ❝♦♥s✐❣✉✐❡♥t❡ ❡♥ τ ✳

❊♥ ♣r✐♠❡r ❧✉❣❛r✱ ✐❞❡♥t✐✜❝❛♠♦s ❛q✉❡❧❧♦s ♣í①❡❧❡s q✉❡ ❝♦♥tr✐❜✉②❡♥ ❛ D ❡♥ ❧❛ ❡❝✉❛✲

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✻✺ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❋✐❣✉r❛ ✸✳✶✵✿ ▼❛❣♥❡t♦❣r❛♠❛ ❞❡ ❧❛ ❘❆ ✶✶✶✹✶ t♦♠❛❞♦ ♣♦r ❡❧ ❍▼■ ❞♦♥❞❡ ♠♦str❛♠♦s ❞♦s

❧í♥❡❛s ❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ♦❜t❡♥✐❞❛s ❛ ♣❛rt✐r ❞❡ ❧❛ ♠✐♥✐♠✐③❛❝✐ó♥ ❞❡ D✳ P❛r❛ ❛♠❜♦s

❝❛s♦s r❡s❛❧t❛♠♦s ❡♥ r♦❥♦ ❧❛s ③♦♥❛s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ q✉❡ ❛♣❛r❡❝❡♥ ❞❡❧ ❧❛❞♦ ❞❡

✢✉❥♦ ♥❡❣❛t✐✈♦ r❡s♣❡❝t♦ ❞❡ ❧❛ ▲■P✳

❝✐ó♥ ✭✸✳✻✮✳ ❈♦♠♦ ❡s♣❡r❛♠♦s q✉❡ ❡s♦s ♣í①❡❧❡s s❡❛♥ ♣r♦❞✉❝t♦ ❞❡ ❡♠❡r❣❡♥❝✐❛s q✉❡ ♥♦ ❡stá♥

❛s♦❝✐❛❞❛s ❛❧ t✉❜♦ ❞❡ ✢✉❥♦ ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ❘❆✱ ✜❥❛♠♦s s✉ ✈❛❧♦r ❞❡ ❝❛♠♣♦ ❛ ❝❡r♦ ② ❝♦♥s✲

tr✉✐♠♦s ❛sí ✉♥ ♠❛❣♥❡t♦❣r❛♠❛ ♠♦❞✐✜❝❛❞♦✳ ❊st♦s ♥✉❡✈♦s ♠❛❣♥❡t♦❣r❛♠❛s t✐❡♥❡♥ ❞✐st✐♥t❛s

❝❛r❛❝t❡ríst✐❝❛s q✉❡ ❡❧ ♦r✐❣✐♥❛❧✱ ♣♦r ❡❥❡♠♣❧♦✱ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛

② ♥❡❣❛t✐✈❛ ❡stá♥ ❡♥ ❞✐st✐♥t❛s ♣♦s✐❝✐♦♥❡s✳ ❊♥t♦♥❝❡s✱ ❝❛❧❝✉❧❛♠♦s ❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ②

✉♥❛ ♥✉❡✈❛ ▲■P✱ ♦❜t❡♥✐❡♥❞♦ ❛sí ✉♥ ♥✉❡✈♦ ❝♦♥❥✉♥t♦ ❞❡ ♣❛rá♠❡tr♦s s1 ② θ1✳ ❊❧ ♥ú♠❡r♦ ❞❡

♣í①❡❧❡s ❞❡❧ ❧❛❞♦ ✏✐♥❝♦rr❡❝t♦✑ ❞❡ ❧❛ ♥✉❡✈❛ ▲■P s❡rá ❞✐st✐♥t♦ q✉❡ ❡♥ ❡❧ ❝❛s♦ ♦r✐❣✐♥❛❧✳ ▲✉❡❣♦✱

♣♦❞❡♠♦s r❡❛❧✐③❛r ✉♥❛ ✐t❡r❛❝✐ó♥ s♦❜r❡ ❡st❡ ♣r♦❝❡❞✐♠✐❡♥t♦ ❤❛st❛ q✉❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ q✉❡

❝♦♥tr✐❜✉②❡ ❡♥ D s❡❛ ❧♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❜❛❥♦✳ ❊♥ ♦tr❛s ♣❛❧❛❜r❛s✱ r❡❛❧✐③❛♠♦s ❡st❛ ✐t❡r❛❝✐ó♥

❤❛st❛ q✉❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡❧ ❧❛❞♦ ✏✐♥❝♦rr❡❝t♦✑ ❞❡ ❧❛ ▲■P s❡❛ ≤ 10% ❞❡❧ ✢✉❥♦ ♥❡t♦

t♦t❛❧ ❞❡ ❧❛ ❘❆✳ ❋✐❥❛♠♦s ❡st❡ ♣♦r❝❡♥t❛❥❡ ♣❛r❛ ❛❤♦rr❛r t✐❡♠♣♦ ❞❡ ❝á❧❝✉❧♦ ② ♣r♦❜❛♠♦s q✉❡

t♦♠❛r ✈❛❧♦r❡s ♠❡♥♦r❡s ❛❧ 10% ♥♦ ❛❢❡❝t❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❧♦s r❡s✉❧t❛❞♦s✳ ❆❞❡♠ás✱ s✐ ❡❧

❝❛♠❜✐♦ ❞❡❧ á♥❣✉❧♦ τ ❡♥ ✉♥ ♣❛s♦ ❞❡ ❧❛ ✐t❡r❛❝✐ó♥ ❡s ❞❡❧ ♦r❞❡♥ ❞❡ ❧❛ ❞✐s❝r❡t✐③❛❝✐ó♥ ✉s❛❞❛ ❡♥

θ✱ ❧❛ ✐t❡r❛❝✐ó♥ s❡ ❞❡t✐❡♥❡ ② ❝♦♥s✐❞❡r❛♠♦s q✉❡ ❡❧ ♠í♥✐♠♦ ❡♥❝♦♥tr❛❞♦ ❡s ❡st❛❜❧❡✳

❋✐♥❛❧♠❡♥t❡✱ ❧❛s ✐t❡r❛❝✐♦♥❡s ♥♦s ♣❡r♠✐t❡♥ ❞❡✜♥✐r ✉♥ r❛♥❣♦ ❞❡❧ ❡rr♦r s✐st❡♠át✐❝♦ ❡♥ τ ✱

[τm, τM]✱ ❞❡♥tr♦ ❞❡❧ ❝✉❛❧ s❡ ❡♥❝✉❡♥tr❛♥ t♦❞♦s ❧♦s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ❞❡ τ ✳ ❊st❡ ♣r♦❝❡❞✐✲

♠✐❡♥t♦ ♣r♦✈❡❡ ❞❡ ✉♥ ✐♥t❡r✈❛❧♦ ❞❡ ❝♦♥✜❛♥③❛ ♣❛r❛ ❡❧ ♣❛rá♠❡tr♦ τ ② s❡ ✈❡ r❡♣r❡s❡♥t❛❞♦

❋❡❜r❡r♦ ✷✵✶✼ ✻✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✺✳ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❊◆ ▲❆❙ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✽❜ ② ✸✳✾❜ ♣♦r ❧❛ ❧í♥❡❛ ✈❡r❞❡ ❞❡ ❡s♣❡s♦r ✈❛r✐❛❜❧❡ ❞❛❞♦ ♣♦r ❡❧ ❛♥❝❤♦ ❞❡❧

✐♥t❡r✈❛❧♦ ∆τrange✳ ▲❛ ❋✐❣✉r❛ ✸✳✶✸ ♠✉❡str❛ ❝♦♠♦ ✈❛rí❛ ∆τrange ❞✉r❛♥t❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s

❘❆s ✶✵✺✹✼ ② ✶✶✶✹✶✳

❆ ❝♦♥t✐♥✉❛❝✐ó♥ ❡st✉❞✐❛♠♦s ❧❛ ✐♥✢✉❡♥❝✐❛ ❞❡ ❧❛ r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ❞❡❧ ✐♥str✉♠❡♥t♦ ❡♥

♥✉❡str♦s r❡s✉❧t❛❞♦s✳ ❆❧ t❡♥❡r ♠❛②♦r ❞❡t❛❧❧❡ ❡♥ ❧❛ ❡str✉❝t✉r❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♠❛❣♥ét✐❝❛s

❡s ❞❡ ❡s♣❡r❛r q✉❡ ❛✉♠❡♥t❡ ❡❧ ♥ú♠❡r♦ ❞❡ ♠í♥✐♠♦s ❧♦❝❛❧❡s ❞❡ D ✭❛❧ ❛✉♠❡♥t❛r ❛ s✉ ✈❡③ ❧❛

❣r✐❧❧❛ ❡♥ ❧❛ q✉❡ s❡ ❞✐s❝r❡t✐③❛♥ s ② θ✮ ② ♣♦r ❧♦ t❛♥t♦ ♣♦❞rí❛♠♦s t❡♥❡r ✉♥❛ ▲■P q✉❡ s❡❛ ♠ás

s❡♥s✐❜❧❡ ❛ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❜✐♣♦❧♦s ♣❛rás✐t♦s ♦ ❡str✉❝t✉r❛s ♦❜s❡r✈❛❞❛s ❞✉r❛♥t❡ ❧❛s ♣r✐♠❡r❛s

❡♠❡r❣❡♥❝✐❛s ❞❡ ✢✉❥♦✳ P❛r❛ ❡❧❧♦ ❡st✉❞✐❛♠♦s ❛ ❧❛s ❘❆ ✶✶✶✹✶ ② ✶✶✶✹✷ ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛

♣❡q✉❡ñ❛s ❘❆s ❜✐♣♦❧❛r❡s ♦❜s❡r✈❛❞❛s ❛ ✜♥❛❧❡s ❞❡❧ ✷✵✶✵ ❝♦♥ ❡❧ ❍❡❧✐♦s❡✐s♠✐❝ ❛♥❞ ▼❛❣♥❡t✐❝

■♠❛❣❡r ✭❍▼■✮ ❛ ❜♦r❞♦ ❞❡❧ ❙♦❧❛r ❉②♥❛♠✐❝s ❚❡❧❡s❝♦♣❡ ✭❙❉❖✮✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡

❞✐s❝♦ ❝♦♠♣❧❡t♦ ❞❡ ❍▼■ ♣♦s❡❡♥ ✉♥❛ r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ❞❡ ✵✳✺′′ ② ✉♥❛ ❝❛❞❡♥❝✐❛ ❞❡ ✹✺

s❡❣✉♥❞♦s ✭❙❝❤♦✉ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲❛ ♣r❡❝✐s✐ó♥ ❡♥ ❧❛ ❞❡♥s✐❞❛❞ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣♦r ♣í①❡❧

❡♥ ❧❛s ♠❡❞✐❝✐♦♥❡s ❞❡ ❝❛♠♣♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❡s ❞❡ 10G✳

P❛r❛ ♣♦❞❡r ❝♦♠♣❛r❛r ❧♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ❝♦♥ ❝❛❞❛ ✐♥str✉♠❡♥t♦ ✭❍▼■ ② ▼❉■✮✱

r❡❞✉❥✐♠♦s✱ ❡♥ ♣r✐♠❡r ❧✉❣❛r✱ ❧❛ ❝❛❞❡♥❝✐❛ ❞❡ ❧♦s ❞❛t♦s ❞❡❧ ❍▼■ ❛ ✾✻ ♠✐♥✉t♦s ❝♦♥s❡r✈❛♥❞♦ ❧❛

♠✐s♠❛ r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ②✱ ❡♥ ✉♥ s❡❣✉♥❞♦ ❛♥á❧✐s✐s✱ ♣r♦♠❡❞✐❛♠♦s ❧❛ r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧

❞❡❧ ❍▼■ ♣❛r❛ q✉❡ ❝♦✐♥❝✐❞❛ ❝♦♥ ❧❛ ❞❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ▼❉■✳ ❊♥ ❛♠❜♦s ❝❛s♦s ❧♦s

❞❛t♦s ❢✉❡r♦♥ ♣r♦❝❡s❛❞♦s ❞❡ ♠❛♥❡r❛ ✐❞é♥t✐❝❛ ❛ ❝♦♠♦ s❡ ❤✐③♦ ❝♦♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧

▼❉■ ✭✈❡r ❙❡❝❝✐ó♥ ✸✳✶✳✶✮✳

❊♥ ❧❛s ❋✐❣✉r❛s ✸✳✶✶❛✱❜ ② ✸✳✶✷❛✱❜ ♠♦str❛♠♦s ❧♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❧❛ ♣r✐♠❡r❛ ♣r✉❡❜❛✳

❊s ❞✐❢í❝✐❧ ✐❞❡♥t✐✜❝❛r ✉♥❛ ❧❛r❣❛ ② ❝❧❛r❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ ❛♠❜❛s ❘❆s

❞❡❜✐❞♦ ❛ s✉ ❜❛❥♦ ✢✉❥♦ ♠❛❣♥ét✐❝♦ q✉❡ ❡s ❢á❝✐❧♠❡♥t❡ ❝♦♥t❛♠✐♥❛❞♦ ♣♦r ❡❧ ✢✉❥♦ ❞❡ ❢♦♥❞♦✳ ❊❧

❡❢❡❝t♦ ❞❡❧ r✉✐❞♦ ❡s ♠ás ♠❛r❝❛❞♦ ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧❛ ❘❆ ✶✶✶✹✷✱ ❡♥ ❞♦♥❞❡ τ ♠✉❡str❛ ❢✉❡rt❡s

✢✉❝t✉❛❝✐♦♥❡s ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛♠❜❛s ❘❆s t✐❡♥❡♥ ✉♥ s✐❣♥♦

❞❡ τ ♣r❡❞♦♠✐♥❛♥t❡ ❝❧❛r♦✱ ♥❡❣❛t✐✈♦ ♣❛r❛ ❧❛ ❘❆ ✶✶✶✹✶ ② ♣♦s✐t✐✈♦ ♣❛r❛ ❧❛ ✶✶✶✹✷✱ q✉❡ ❡s

❞❡t❡❝t❛❜❧❡ ❞✉r❛♥t❡ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ✭❋✐❣✉r❛s ✸✳✶✶❝ ② ✸✳✶✷❝✮✳ P❛r❛

❛♠❜❛s ❘❆s✱ ❡❧ ✈❛❧♦r ❞❡ φ ♣❡r♠❛♥❡❝❡ ❝♦♥st❛♥t❡✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡s

♠✉② ❜❛❥♦ ② ♣♦r ❧♦ t❛♥t♦ ♥♦ ❛❢❡❝t❛ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦✳ ▲❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡

❧❛s ♣♦❧❛r✐❞❛❞❡s ❡s ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡ ♣❛r❛ ❧❛ ❘❆ ✶✶✶✹✶✱ ♠✐❡♥tr❛s q✉❡ ❞❡❝r❡❝❡

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✻✼ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

Magnetic Flux

Magnetic Flux

❋✐❣✉r❛ ✸✳✶✶✿ ●rá✜❝♦s s✐♠✐❧❛r❡s ❛ ❧❛ ❋✐❣✉r❛ ✸✳✽ ♣❛r❛ ❧❛ ❘❆ ✶✶✶✹✶ ♦❜s❡r✈❛❞❛ ❝♦♥ ❡❧ ❍▼■✳

❊st❛ ❘❆ t✐❡♥❡ ❜❛❥♦ ✢✉❥♦ ♠❛❣♥ét✐❝♦✱ ❛❧ ♠❡♥♦s ❝✉❛tr♦ ✈❡❝❡s ♠❡♥♦r q✉❡ ❧❛ ❘❆ ✶✵✻✻✹✳ ❊♥ ❡❧

♣❛♥❡❧ ✭❝✮ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τ ❝♦♥ ❧❛ r❡s♦❧✉❝✐ó♥ ❞❡❧ ❍▼■ ❡♥ ✈❡r❞❡ ② ❡♥ ❛♠❛r✐❧❧♦

❝♦♥ ✉♥❛ r❡s♦❧✉❝✐ó♥ s✐♠✐❧❛r ❛ ❧❛ ❞❡❧ ▼❉■ ✭❝✉❛tr♦ ✈❡❝❡s ♠❡♥♦r✮✳

❝♦♥ ❡❧ t✐❡♠♣♦ ♣❛r❛ ❧❛ ❘❆ ✶✶✶✹✷✳ ❊♥ ❡st❡ ú❧t✐♠♦ ❝❛s♦ ❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ t✐❡♥❡ ✉♥❛

❡❧♦♥❣❛❝✐ó♥ ♠❡♥♦r q✉❡ ❧❛ s✐❣✉✐❡♥t❡✳

❊♥ r❡s✉♠❡♥✱ ❛ ♣❡s❛r ❞❡❧ ✐♥❝r❡♠❡♥t♦ ❡♥ ❧❛ r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ✭❧❛s ✐♠á❣❡♥❡s ❞❡ ❍▼■

t✐❡♥❡♥ ❝✉❛tr♦ ✈❡❝❡s ♠❛②♦r r❡s♦❧✉❝✐ó♥ q✉❡ ❡❧ ▼❉■✮✱ ❡♥ ❛♠❜♦s ❝❛s♦s ❧❛ ❞❡t❡❝❝✐ó♥ ❞❡ ❧❛s

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡s ❝♦♥s✐st❡♥t❡ ❝♦♥ ❡❧ ♠ét♦❞♦ ♣r♦♣✉❡st♦ ② ❧♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ✢✉❥♦✳ ❆❧ r❡❞✉❝✐r ❧❛ r❡s♦❧✉❝✐ó♥ ❞❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❍▼■ ❛ ❧♦s ❞❡❧ ▼❉■ ♥♦ ✈❡♠♦s

♥✐♥❣ú♥ ❝❛♠❜✐♦ s✐❣♥✐✜❝❛t✐✈♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ▲■P ② s✉ ❡✈♦❧✉❝✐ó♥✳ ❊❧ ♣r♦♠❡❞✐♦ ❞❡❧

á♥❣✉❧♦ τ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✱ τ ✱ ✈❛rí❛ ❡♥ ♠❡♥♦s ❞❡ ✷◦ ❛♥t❡ ❡❧ ❝❛♠❜✐♦ ❞❡ ❧❛

r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ✭✈❡r ❋✐❣✉r❛s ✸✳✶✶❝ ② ✸✳✶✷❝✮✳

❖tr❛ ❢✉❡♥t❡ ❞❡ ❡rr♦r ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ τ ❡s ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ r✉✐❞♦ ❡♥ ❧❛s ♠❡❞✐✲

❝✐♦♥❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦✳ P❛r❛ ❡st✉❞✐❛r ❡❧ ❡❢❡❝t♦ q✉❡ ♣✉❡❞❡ t❡♥❡r s♦❜r❡ ❧♦s

❋❡❜r❡r♦ ✷✵✶✼ ✻✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✺✳ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❊◆ ▲❆❙ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

Magnetic Flux

Magnetic Flux

❋✐❣✉r❛ ✸✳✶✷✿ ❙✐♠✐❧❛r ❛ ❧♦s ♣❛♥❡❧❡s ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✶✶ ♣❛r❛ ❧❛ ❘❆ ✶✶✶✹✷ ♦❜s❡r✈❛❞❛ ❝♦♥ ❡❧

❍▼■✳

r❡s✉❧t❛❞♦s✱ ❛❣r❡❣❛♠♦s ✉♥❛ ♣❧❛♥t✐❧❧❛ ❞❡ r✉✐❞♦ s❡♠✐❛❧❡❛t♦r✐❛ ❛ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s

❣❡♥❡r❛❞♦s ❛ ♣❛rt✐r ❞❡ ❧♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ② t❛♠❜✐é♥ ❛ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s

♦❜s❡r✈❛❞♦s✳ ■♥tr♦❞✉❝✐♠♦s ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ✉♥ r✉✐❞♦ ❛❧❡❛t♦r✐♦ ❝♦♥ ✉♥ r❛♥❣♦ ❞❡ ✈❛✲

r✐❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡♥tr❡ [−10G, 10G] ② ❝♦♠♦ tr❛❜❛❥❛♠♦s ❝♦♥ ❧❛ ❡①♣r❡s✐ó♥ ✐♥t❡❣r❛❧ ❞❡ ❧❛

❡❝✉❛❝✐ó♥ ✭✸✳✻✮✱ ❡s♣❡r❛♠♦s q✉❡ ❡❧ ❡❢❡❝t♦ ❡st❛❞íst✐❝♦ ❞❡❧ ❡rr♦r s❡❛ ♣❡q✉❡ñ♦ ♦ ❞❡s♣r❡❝✐❛❜❧❡

❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P✳ ❊❧ ❡rr♦r ✈❛ ❛ ❡st❛r ❞❛❞♦ ♣♦r ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡ τ ✱

∆τnoise✳ P❛r❛ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡❧ ♠♦❞❡❧♦ ❡❧ ❡rr♦r ❡♥ τ ♣❡r♠❛♥❡❝❡✱ ❡♥ ❣❡♥❡r❛❧✱ ♠❡♥♦r ❛❧

♣❛s♦ ❛♥❣✉❧❛r t♦♠❛❞♦ ♣❛r❛ ❧❛ ❞✐s❝r❡t✐③❛❝✐ó♥ ❞❡ θ ✭0,9◦✮✳ P♦r ❡❧ ♦tr♦ ❧❛❞♦✱ ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧❛s

❘❆s✱ ❡❧ ❡rr♦r ❡st❛❞íst✐❝♦ ♠á①✐♠♦ ❡♥ τ ❡s tí♣✐❝❛♠❡♥t❡ 25% ♠❡♥♦r q✉❡ ❡❧ ❡rr♦r s✐st❡♠át✐❝♦

❞❡❜✐❞♦ ❛ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ♣♦❧❛r✐❞❛❞❡s ❡♥ ❡❧ ❧❛❞♦ ✏✐♥❝♦rr❡❝t♦✑ ❛ ❛♠❜♦s ❧❛❞♦s ❞❡ ❧❛ ▲■P

❝❛❧❝✉❧❛❞❛✳ ▲❛ ❋✐❣✉r❛ ✸✳✶✸ ♠✉❡str❛ ❧♦s ❡rr♦r❡s ❡st✐♠❛❞♦s ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡

❞♦s ❘❆s✱ ✉♥❛ ♦❜s❡r✈❛❞❛ ❝♦♥ ▼❉■ ② ♦tr❛ ❝♦♥ ❍▼■✳ ❊❧ ❡rr♦r s✐st❡♠át✐❝♦ ❡stá r❡♣♦rt❛❞♦

❝♦♠♦ ❡❧ r❛♥❣♦ ❡♥ ❡❧ q✉❡ ♣✉❡❞❡ ✈❛r✐❛r τ ② ❡stá r❡♣r❡s❡♥t❛❞♦ ♣♦r ❧❛ ❧í♥❡❛ ✈❡r❞❡ ❞❡ ❣r♦s♦r

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✻✾ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

AR 10547 AR 11141

❋✐❣✉r❛ ✸✳✶✸✿ ❘❛♥❣♦ ❞❡❧ ❡rr♦r s✐st❡♠át✐❝♦ ❡♥ τ ✱ ∆τrange = τM − τm ✭❧í♥❡❛ ✈❡r❞❡✮✱ ❞❡❜✐❞♦ ❛

✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡❧ ❧❛❞♦ ✏✐♥❝♦rr❡❝t♦✑ ❞❡ ❧❛ ▲■P✳ ❈♦♥ ✉♥❛ ❧í♥❡❛ r♦❥❛ ♠♦str❛♠♦s ❧❛ ✈❛r✐❛❝✐ó♥

❡♥ τ ❛❧ ✐♥❝♦r♣♦r❛r ✉♥❛ ♣❧❛♥t✐❧❧❛ ❞❡ r✉✐❞♦ ❛❧❡❛t♦r✐♦ s♦❜r❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s✳ ✭❛✮ ❘❆

✶✵✺✹✼ ♦❜s❡r✈❛❞❛ ♣♦r ❡❧ ▼❉■ ✭✈❡r ❋✐❣✉r❛ ✸✳✾✮✳ ✭❜✮ ❘❆ ✶✶✶✹✶ ♦❜s❡r✈❛❞❛ ♣♦r ❡❧ ❍▼■ ✭✈❡r

❋✐❣✉r❛ ✸✳✶✶✮✳ ❊st♦s ❡rr♦r❡s ❢✉❡r♦♥ ❡st✐♠❛❞♦s só❧♦ ❞✉r❛♥t❡ ❡❧ ♣❡rí♦❞♦ ❞❡✜♥✐❞♦ ♣♦r ❧❛s ❧í♥❡❛s

✈❡rt✐❝❛❧❡s ❞✐s❝♦♥t✐♥✉❛s ♠♦str❛❞❛s ❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✾ ② ✸✳✶✶ ✭♣❛♥❡❧❡s ❝ ② ❞✮✳

✈❛r✐❛❜❧❡ ❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✽❝ ② ✸✳✾❝✳

❋❡❜r❡r♦ ✷✵✶✼ ✼✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✸✳✺✳ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ❊◆ ▲❆❙ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

❊♥ ❡st❡ ❝❛♣ít✉❧♦ ♣r❡s❡♥t❛♠♦s ❡❧ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ❝❛r❛❝t❡r✐③❛r ❧❛ ♣r❡s❡♥❝✐❛ ② ❡✈♦❧✉✲

❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❜❛s❛❞♦ ❡♥ ❡❧ ❝á❧❝✉❧♦ ❞❡❧ á♥❣✉❧♦ τ ✳ P❛r❛ ❡st♦✱ ❢✉❡ ♥❡❝❡s❛r✐♦

❞❡s❛rr♦❧❧❛r ✉♥ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣❛r❛ ♦❜t❡♥❡r ✉♥❛ ❛♣r♦①✐♠❛❝✐ó♥ ❞❡ ❧❛ ▲■P✱ q✉❡ ❞❡♠♦stró

s❡r á❣✐❧ ② ✈❡rs❛t✐❧ ❡♥ s✉ ❛♣❧✐❝❛❝✐ó♥ ❛ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s ❜✐♣♦❧❛r❡s✳ ❈❛❧❝✉❧❛♥❞♦ s✐st❡✲

♠át✐❝❛♠❡♥t❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ▲■P ❡♥ ❡st❛s r❡❣✐♦♥❡s✱ ❡♥❝♦♥tr❛♠♦s q✉❡ ❡❧ s✐❣♥♦ ❞❡

τ ✱ ♦❜t❡♥✐❞♦ ❞❡s❞❡ ❡❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✱ ❡s ✉♥ ❡st✐♠❛❞♦r

t❡♠♣r❛♥♦ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ②✱ ♣♦r ❧♦ t❛♥t♦✱ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

♠❛❣♥ét✐❝❛ ✉s❛♥❞♦ s♦❧❛♠❡♥t❡ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✳ ❚❛♥t♦ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦

s✐♠♣❧❡ ❝♦♠♦ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛ ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮ r❡♣r♦❞✉❝❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡

τ ♦❜s❡r✈❛❞❛ ❡♥ ❧❛s ❘❆✱ ❝♦♥✜r♠❛♥❞♦ q✉❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡s♣♦♥❞❡ ❛ ✉♥❛

❝❛r❛❝t❡ríst✐❝❛ ❣❧♦❜❛❧ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧❛s r❡❣✐♦♥❡s✳ ❆❞❡♠❛s✱ ❡st♦ ❞❡♠✉❡str❛ q✉❡ ❡❧ ♠♦❞❡❧♦

s✐♠♣❧❡ ❡s r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ❡♠❡❣❡♥❝✐❛s ❡♥ ❧❛s q✉❡ s❡ ✐♥❝❧✉②❡ t♦❞❛ ❧❛ ❢ís✐❝❛ ✐♥✈♦❧✉❝r❛❞❛✳ ▲♦s

r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ❡♥ ❡st❡ ❝❛♣ít✉❧♦ ♠✉❡str❛♥ q✉❡ ❧❛s ❧❡♥❣✉❛s ❡stá♥ ❜✐❡♥ ❝❛r❛❝t❡r✐③❛❞❛s

♣♦r ❡❧ á♥❣✉❧♦ τ ② ❝♦♥❝❧✉✐♠♦s✱ ❛❧ ❛♥❛❧✐③❛r ❡❧ ❡rr♦r ❞❡ τ ✱ q✉❡ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡s❛rr♦❧❧❛❞♦

♣❛r❛ ♦❜t❡♥❡r ✉♥❛ ▲■P ❞❡ ♠❛♥❡r❛ s✐st❡♠át✐❝❛ ❡s ❡st❛❜❧❡✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✼✶ ❋❡❜r❡r♦ ✷✵✶✼



❊✈♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❋❡❜r❡r♦ ✷✵✶✼ ✼✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✹

▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦

❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡s❛rr♦❧❧❛❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✹ ♥♦s ♣❡r♠✐t❡ ❡st✉❞✐❛r ❞❡ ❢♦r♠❛ s✐st❡✲

♠át✐❝❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ♣❛tró♥ ❞❡ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❣❡♥❡r❛❞♦ ♣♦r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s

♠❛❣♥ét✐❝❛s✳ ▲❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ á♥❣✉❧♦ τ ② ❧❛ t♦rs✐ó♥ ❡stá ❜✐❡♥ ❞❡✜♥✐❞❛ ❡♥ ❡❧ ❝❛s♦ ❞❡❧

♠♦❞❡❧♦ s✐♠♣❧❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ♣r❡s❡♥t❛❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸✳ ❊♥ ❡st❡ ❝❛♣ít✉❧♦ ❡st✉❞✐❛♠♦s

❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✹✶ ❘❆s ❜✐♣♦❧❛r❡s ❝♦♥ ❡❧ ✜♥ ❞❡ ❞❡✜♥✐r ✉♥ ♣❛rá♠❡tr♦ ❛s♦❝✐❛❞♦ ❛ ❧❛ t♦r✲

s✐ó♥✱ ❞❡ ♠❛♥❡r❛ s✐♠✐❧❛r ❛❧ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ Pr♦♣♦♥❡♠♦s ❡❧ ❝á❧❝✉❧♦ ❞❡❧ ♥ú♠❡r♦ ❞❡

✈✉❡❧t❛s Nt ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡ ❧❛ t♦rs✐ó♥✳ ▲❛ ✈❡♥t❛❥❛ ❞❡ ❡st✐♠❛r ❡❧ ❝♦♥t❡♥✐❞♦ ❞❡ ❤❡❧✐❝✐❞❛❞

✉s❛♥❞♦ ❡st❡ ♣❛rá♠❡tr♦ ❡s q✉❡ ❡stá ❞❡t❡r♠✐♥❛❞♦ só❧♦ ♣♦r ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ♠❛❣♥é✲

t✐❝♦ ❢♦t♦s❢ér✐❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧✳ ❋✐♥❛❧♠❡♥t❡ ❝♦rr❡❧❛❝✐♦♥❛♠♦s ❡❧ ♣❛rá♠❡tr♦ Nt

❢♦t♦s❢ér✐❝♦ ❝♦♥ ❧❛ t♦rs✐ó♥ ✐♥❢❡r✐❞❛ ❛ ♣❛rt✐r ❞❡ ❡①tr❛♣♦❧❛❝✐♦♥❡s ❧✐❜r❡s ❞❡ ❢✉❡r③❛s ❞❡❧ ❝❛♠♣♦

❝♦r♦♥❛❧✳ ▲♦s r❡s✉❧t❛❞♦s ♣r❡s❡♥t❛❞♦s ❡♥ ❡st❡ ❝❛♣ít✉❧♦ ❢✉❡r♦♥ ♣✉❜❧✐❝❛❞♦s ❡♥ P♦✐ss♦♥ ❡t ❛❧✳

✭✷✵✶✺❜✮ ② P♦✐ss♦♥ ❡t ❛❧✳ ✭✷✵✶✺❛✮✳

✹✳✶✳ ❊st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❡♥ r❡❣✐♦♥❡s ❛❝t✐✈❛s

❈♦♥ ❡❧ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♠♣❛r❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❘❆s ❝♦♥ ❞✐st✐♥t❛s ❝❛r❛❝t❡ríst✐❝❛s ② ❛❧❝❛♥✲

③❛r ❝♦♥❝❧✉s✐♦♥❡s ❣❡♥❡r❛❧❡s s♦❜r❡ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s♦❜r❡ ❧❛ ❞✐str✐❜✉❝✐ó♥

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✼✸ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❞❡ ✢✉❥♦ ❢♦t♦s❢ér✐❝♦✱ ✉s❛♠♦s ❧♦s ✈❛❧♦r❡s ♣r♦♠❡❞✐♦ ② ♠á①✐♠♦ ❞❡ ❧♦s ♣❛rá♠❡tr♦s ❝❛❧❝✉❧❛❞♦s

❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ P♦r ❡❥❡♠♣❧♦✱ τ ❡s ❡❧ ♣r♦♠❡❞✐♦ ❞❡ τ ❝❛❧❝✉❧❛❞♦

❞✉r❛♥t❡ ✉♥ ♣❡rí♦❞♦ ❞❡❧✐♠✐t❛❞♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✱ ❞✉r❛♥t❡ ❡❧ ❝✉❛❧ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s

♠❛❣♥ét✐❝❛s ❡s ❞♦♠✐♥❛♥t❡ s♦❜r❡ ❡❧ ✢✉❥♦ ❞❡ ❢♦♥❞♦ ② ❧❛ ♠❡③❝❧❛ ❞❡ ♣♦❧❛r✐❞❛❞❡s ❢♦r♠❛❞❛s ❛❧

❝♦♠✐❡♥③♦ ❞❡ ❝❛❞❛ ❡♠❡r❣❡♥❝✐❛ ✭✈❡r ❧❛s ✜❣✉r❛s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✺✮✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✶ ♣r❡s❡♥✲

t❛♠♦s ❡❧ ❤✐st♦❣r❛♠❛ ❞❡❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡ ❡st❡ ♣r♦♠❡❞✐♦✱ |τ |✱ ♣❛r❛ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ✹✶ ❘❆s

♦❜s❡r✈❛❞❛s ❡♥tr❡ ✷✵✵✸ ② ✷✵✶✵✳ ❚❛♠❜✐é♥ ❞❡✜♥✐♠♦s ♣❛r❛ ❡st♦s ❝❛s♦s |τmax| ❝♦♠♦ ❡❧ ✈❛❧♦r

♠á①✐♠♦ ❞❡ |τ | ❞✉r❛♥t❡ ❡❧ ♣❡rí♦❞♦ ✐♥❞✐❝❛❞♦✳ ❉❡ ♠❛♥❡r❛ s✐♠✐❧❛r✱ ❝❛❧❝✉❧❛♠♦s ❡❧ á♥❣✉❧♦ ❞❡

t✐❧t ♣r♦♠❡❞✐♦✱ φ✱ ② ❡❧ ✈❛❧♦r ♠á①✐♠♦ ❞❡ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❡❧ t✐❧t ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛ φ ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❡♥ ❡❧ ♠♦♠❡♥t♦ q✉❡ ❧❛ ❘❆ ❛❧❝❛♥③❛ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐✲

♠♦✱ φmax flux✳ ❊❧ ✈❛❧♦r ❞❡ |φmax − φmax flux| r❡♣r❡s❡♥t❛ ❡❧ ♠á①✐♠♦ ❛♣❛rt❛♠✐❡♥t♦ ❞❡ ❡st❡

á♥❣✉❧♦ r❡s♣❡❝t♦ ❞❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ❉❡ ❧❛ ♠✐s♠❛

♠❛♥❡r❛✱ ✐♥tr♦❞✉❝✐♠♦s ❡❧ ✈❛❧♦r ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ♣r♦♠❡❞✐♦ ② ♠á①✐♠♦ ❛s♦❝✐❛❞♦ ❛ ❧❛

t♦rs✐ó♥ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ ♠❡❞✐♦ t♦r♦ ✉s❛♥❞♦ ❝♦♠♦

r❡❢❡r❡♥❝✐❛ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ s✐♠♣❧❡ ❞❡s❝r✐♣t♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸✳ ▲✉❡❣♦ ❞❡ ❝♦rr❡❣✐r ❡❧

á♥❣✉❧♦ τ ♣♦r ❧❛ ✐♥✢✉❡♥❝✐❛ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✱ ❡❧ s✐❣♥♦

❞❡ ❡st♦s ♣❛rá♠❡tr♦s s❡rá ✉t✐❧✐③❛❞♦ ❝♦♠♦ ♠❡❞✐❞❛ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❘❆s ♦❜s❡r✈❛❞❛s✳ ▲♦s

r❡s✉❧t❛❞♦s ♣❛r❛ ❡st❛s ✹✶ ❘❆s ❡stá♥ ❧✐st❛❞♦s ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶ ❞❡ ❧❛ ❙❡❝❝✐ó♥ ✹✳✷✳

❚♦❞♦s ❡st♦s ✈❛❧♦r❡s ❞❡✜♥✐❞♦s s♦♥ ❝❛❧❝✉❧❛❞♦s só❧♦ ❡♥ ❡❧ ✐♥t❡r✈❛❧♦ ❞❡ t✐❡♠♣♦ ❝♦rr❡s✲

♣♦♥❞✐❡♥t❡ ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛s ❘❆s✱ ✐♥❞✐❝❛❞♦ ❝♦♥ ❧í♥❡❛s

✈❡rt✐❝❛❧❡s ❞✐s❝♦♥t✐♥✉❛s ❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✽ ✕ ✸✳✾✳ ❉❡✜♥✐♠♦s ✉♥ ❝r✐t❡r✐♦ ♣❛r❛ ❧❛ s❡❧❡❝❝✐ó♥ ❞❡

❡st♦s ✐♥t❡r✈❛❧♦s✿ ❊♥ ♣r✐♠❡r ❧✉❣❛r✱ ✐❞❡♥t✐✜❝❛♠♦s ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❝♦♠♦ ❡❧ ✐♥t❡r✈❛❧♦

t❡♠♣♦r❛❧ ❡♥ ❡❧ ❝✉❛❧ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❛✉♠❡♥t❛ ❞❡ ♠❛♥❡r❛ ♣r♦♥✉♥❝✐❛❞❛✳ ▲✉❡❣♦✱ ♠✐r❛♥❞♦

❞✐r❡❝t❛♠❡♥t❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s✱ ❛❥✉st❛♠♦s ❡❧ ✐♥t❡r✈❛❧♦ ♠✐♥✐♠✐③❛♥❞♦ ❡❧ ❡❢❡❝t♦ ❞❡❧ ✢✉❥♦

❞❡ ❢♦♥❞♦ ② ❡♠❡r❣❡♥❝✐❛s s❡❝✉♥❞❛r✐❛s ❞❡♥tr♦ ❞❡ ❧♦s r❡❝tá♥❣✉❧♦s ❞❡ s❡❧❡❝❝✐ó♥✳ ❊♥ ❛❧❣✉♥♦s

❝❛s♦s✱ ❡❧ ✢✉❥♦ ❞❡ ❢♦♥❞♦ t✐❡♥❡ ✉♥ ✐♠♣♦rt❛♥t❡ ❡❢❡❝t♦ ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆

② ♣♦r ❝♦♥s✐❣✉✐❡♥t❡ s♦❜r❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P✳ P❛r❛ ❡s♦s ❝❛s♦s r❡♠♦✈✐♠♦s ❞❡❧ ❛♥á❧✐s✐s

❧♦s ♣r✐♠❡r♦s ♠❛❣♥❡t♦❣r❛♠❛s ❤❛st❛ ❡❧ ♠♦♠❡♥t♦ ❡♥ ❡❧ q✉❡ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡

❧❛ ❘❆ ❛❧❝❛♥③❛ s✉✜❝✐❡♥t❡ ✐♥t❡♥s✐❞❛❞ ❝♦♠♦ ♣❛r❛ ❞❡s♣r❡❝✐❛r ❡❧ ✢✉❥♦ ❞❡ ❢♦♥❞♦✳ ❆❞❡♠ás✱ ❞✉✲

r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦✱ ❡❧ ❞❡s❛rr♦❧❧♦ ❞❡ ❧❛ ✐♥❡st❛❜✐❧✐❞❛❞ q✉❡ ❞❛ ♦r✐❣❡♥ ❛ ❝❛❞❡♥❛s ❞❡

❋❡❜r❡r♦ ✷✵✶✼ ✼✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✶✳ ❊❙❚■▼❆❈■Ó◆ ❉❊ ▲❆ ❚❖❘❙■Ó◆ ❊◆ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

♣❡q✉❡ñ♦s ❞✐♣♦❧♦s ✭✈❡r ❡❧ ❈❛♣ít✉❧♦ ✷✮ ❝♦♥t❛♠✐♥❛ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P✳ ❊♥ ❧♦s ❝❛s♦s

❡♥ ❧♦s ❝✉❛❧❡s ♦❜s❡r✈❛♠♦s ❡♠❡r❣❡♥❝✐❛s s❡❝✉♥❞❛r✐❛s ✭♣♦r ❡❥❡♠♣❧♦✱ ❧❛ ❋✐❣✉r❛ ✸✳✽✮✱ ❧❛ ❡str✉❝✲

t✉r❛ ❞❡ ❧❛s ❘❆s ❛✉♠❡♥t❛ s✉ ❝♦♠♣❧❡❥✐❞❛❞ ❤❛❝✐❡♥❞♦ q✉❡ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P ♥♦ s❡❛

❝♦♥✜❛❜❧❡✳ ❊♥ ❡s♦s ❝❛s♦s✱ ✐♥❝❧✉✐♠♦s ❡♥ ❡❧ ❛♥á❧✐s✐s só❧♦ ❧❛ ❢❛s❡ ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳

❆♣❧✐❝❛♠♦s ❡st❡ ❝r✐t❡r✐♦ ❛ ❧❛s ✹✶ ❘❆s ❡st✉❞✐❛❞❛s✳

❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✶ ♠♦str❛♠♦s ❧♦s ❤✐st♦❣r❛♠❛s ❞❡ ❧♦s ✈❛❧♦r❡s ❛❜s♦❧✉t♦s ❞❡❧ ♣r♦♠❡❞✐♦

② ❞❡❧ ♠á①✐♠♦ ❞❡ τ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✹✶ ❘❆s ❜✐♣♦❧❛r❡s✳ ❊❧ ♣r♦♠❡❞✐♦ ❞❡ |τ |
✭❋✐❣✉r❛ ✹✳✶❛✮ ❡s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 24◦✱ s✐♠✐❧❛r ❛❧ ✈❛❧♦r ❞❡ ❧❛ ♠❡❞✐❛♥❛ ✭∼ 23◦✮✳ ❊♥ ❧❛

❋✐❣✉r❛ ✹✳✶❜✱ |τmax| t✐❡♥❡ ✉♥ ✈❛❧♦r ♣r♦♠❡❞✐♦ ❞❡ 40◦✱ ❝♦♥ ✉♥❛ ♠❡❞✐❛♥❛ ❞❡ 41◦✳ ❆ ♣❡s❛r ❞❡

q✉❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ |τmax| ❡s ♠ás ❞✐s♣❡rs❛✱ ♣♦rq✉❡ ❞❡♣❡♥❞❡ ❞❡ ✉♥❛ ú♥✐❝❛ ♠❡❞✐❝✐ó♥ ❞❡ τ

♣❛r❛ ❝❛❞❛ ❘❆✱ s✉ ❛♣❛r✐❡♥❝✐❛ ❡s ♠ás ●❛✉ss✐❛♥❛ q✉❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ |τ |✳ ❊st❛ ❝♦♥s✐st❡♥❝✐❛
❞❡ ❧♦s ✈❛❧♦r❡s ❞❡ |τmax| ❡s ❞❡❜✐❞❛ ❡♥ ♣❛rt❡ ❛❧ ❝r✐t❡r✐♦ ❞❡ s❡❧❡❝❝✐ó♥ ❞❡❧ ✐♥t❡r✈❛❧♦ ❞❡ ❛♥á❧✐s✐s

❡♥ ❝❛❞❛ ❝❛s♦✱ ❡✈✐t❛♥❞♦ ❝♦♥tr✐❜✉❝✐♦♥❡s ❞❡ ✢✉❥♦ ❛❥❡♥❛s ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ❘❆

q✉❡ ♣✉❡❞❡♥ ♣r♦✈♦❝❛r s❛❧t♦s ② ♠❡❞✐❞❛s ❡rró♥❡❛s ❞❡ ❧❛ ▲■P✳ ▲♦s ✈❛❧♦r❡s ❞❡ |τ | ② |τmax|
♣❛r❛ ✉♥ ♠♦❞❡❧♦ s✐♠♣❧❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❝♦♥ Nt = 1 ✭r❡❝tá♥❣✉❧♦ ❛③✉❧ ❡♥ ❧♦s ❤✐st♦❣r❛♠❛s

❞❡ ❧❛ ❋✐❣✉r❛ ✹✳✶✮ s♦♥ ❧✐❣❡r❛♠❡♥t❡ ♠❛②♦r❡s ❛ ❧♦s ♣r♦♠❡❞✐♦s ♦❜s❡r✈❛❞♦s ❡♥ ❧❛s ❘❆s✳ ❊st❛

❝♦rr❡s♣♦♥❞❡♥❝✐❛ ✐♥❞✐❝❛ q✉❡ ❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡ r❡♣r❡s❡♥t❛ ❜✐❡♥ ❡❧ ❝♦♠♣♦rt❛♠✐❡♥t♦ ❣❧♦❜❛❧

❞❡ τ ♣❛r❛ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳

▲❛ ♠❛♥❡r❛ ❡♥ ❧❛ q✉❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♣✉❡❞❡ ✐♥✢✉✐r s♦❜r❡ ❧❛ ✈❛r✐❛✲

❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡ ❧❛ ❘❆ ♣✉❡❞❡ ✈❡rs❡ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✷✱ ❡♥ ❞♦♥❞❡ ♠♦str❛♠♦s ❧♦s

❤✐st♦❣r❛♠❛s ❞❡ |φ− φmax flux| ② |φmax − φmax flux| ♣❛r❛ ❧❛s ✹✶ ❘❆s✳ ▲❧❛♠❛♠♦s φmax flux

❛❧ á♥❣✉❧♦ ❞❡ t✐❧t q✉❡ t✐❡♥❡ ❧❛ ❘❆ ❝✉❛♥❞♦ ❤❛ ❛❧❝❛♥③❛❞♦ s✉ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦✱ ♣♦r

❧♦ ❣❡♥❡r❛❧✱ ❝✉❛♥❞♦ ❡❧ ❜✐♣♦❧♦ ❤❛ ❡♠❡r❣✐❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡✳ ❊s ❝❧❛r♦ ❡♥ ❛♠❜♦s ❤✐st♦❣r❛♠❛s

q✉❡ ♣❛r❛ ❧❛ ♠❛②♦rí❛ ❞❡ ❧♦s ❝❛s♦s ❡st✉❞✐❛❞♦s ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❧❡♥❣✉❛s t✐❡♥❡ ✉♥

❧❡✈❡ ❡❢❡❝t♦ ❡♥ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ✳ ❊st♦ ❡s ❡✈✐❞❡♥t❡ ❡♥ ❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s ❞❡ ❝❛❞❛ ✉♥❛

❞❡ ❧❛s ❞✐str✐❜✉❝✐♦♥❡s ✭6◦ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✷❛ ② 14◦ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✷❜✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛❧❣✉♥❛s

❘❆s ♣r❡s❡♥t❛♥ ✈❛❧♦r❡s ❛❧❡❥❛❞♦s ❞❡ ❧❛ ♠❡❞✐❛ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥✳ ❆❞❡♠ás✱ ❛ ♣❡s❛r ❞❡ q✉❡

❧♦s ✈❛❧♦r❡s ❞❡ |τ | ② |τmax| ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ s♦♥ s✐♠✐❧❛r❡s ❛ ❧♦s ♣r♦♠❡❞✐♦s ❝❛❧✲

❝✉❧❛❞♦s ♣❛r❛ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s✱ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛s ❧❡♥❣✉❛s ❡s ♠✉❝❤♦ ♠❛②♦r q✉❡ ❡♥

❧❛ ♠❛②♦rí❛ ❞❡ ❧♦s ❝❛s♦s ♦❜s❡r✈❛❞♦s✳ ▲♦s r❡❝tá♥❣✉❧♦s ❛③✉❧❡s ❡♥ ❧♦s ❤✐st♦❣r❛♠❛s ❞❡ ❧❛ ❋✐❣✉✲

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✼✺ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

(a)

(b)

❋✐❣✉r❛ ✹✳✶✿ ❍✐st♦❣r❛♠❛s✿ ✭❛✮ ❞❡❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡❧ ♣r♦♠❡❞✐♦ ❞❡ τ ✱ |τ |✱ ② ✭❜✮ ❞❡❧ ✈❛❧♦r ♠á✲

①✐♠♦✱ |τmax|✱ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ✹✶ ❘❆s ❡st✉❞✐❛❞❛s✳ ❊♥ ❝❛❞❛ ♣❛♥❡❧

♠♦str❛♠♦s ❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s✱ ♠❡❞✐❛♥❛ ② ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡ ❝❛❞❛ ❞✐str✐❜✉❝✐ó♥✳

▲♦s ✈❛❧♦r❡s ❞❡ |τ | ② |τmax| ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛❧ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸

❝♦♥ Nt = 1 ❡stá♥ ✐♥❞✐❝❛❞♦s ❝♦♥ ✉♥ r❡❝tá♥❣✉❧♦ ❛③✉❧ ❞❡♥tr♦ ❞❡ ❧♦s ❤✐st♦❣r❛♠❛s✳ ❊♥ ♥❛r❛♥❥❛

✐♥❞✐❝❛♠♦s ❧♦s ✈❛❧♦r❡s ♦❜t❡♥✐❞♦s ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✼✳

❋❡❜r❡r♦ ✷✵✶✼ ✼✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✶✳ ❊❙❚■▼❆❈■Ó◆ ❉❊ ▲❆ ❚❖❘❙■Ó◆ ❊◆ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

(a)

(b)

❋✐❣✉r❛ ✹✳✷✿ ❍✐st♦❣r❛♠❛s✿ ✭❛✮ ❞❡❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡❧ ♣r♦♠❡❞✐♦ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝♦rr❡❣✐❞♦

♣♦r ❡❧ t✐❧t ❛❧ ✢✉❥♦ ♠á①✐♠♦ |φ− φmax flux| ② ✭❜✮ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♠á①✐♠♦ ❝♦rr❡❣✐❞♦ ❞❡ ❧❛

♠✐s♠❛ ❢♦r♠❛ |φmax−φmax flux| ♣❛r❛ ❧❛s ✹✶ r❡❣✐♦♥❡s ❡st✉❞✐❛❞❛s✳ ❊♥ ❝❛❞❛ ♣❛♥❡❧ ♠♦str❛♠♦s

❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s✱ ♠❡❞✐❛♥❛ ② ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡ ❝❛❞❛ ❞✐str✐❜✉❝✐ó♥✳ ▲♦s ✈❛❧♦r❡s

❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛❧ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸ ❝♦♥ Nt = 1 ❡stá♥ ✐♥❞✐❝❛❞♦s

❝♦♥ ✉♥ r❡❝tá♥❣✉❧♦ ❛③✉❧ ❞❡♥tr♦ ❞❡ ❧♦s ❤✐st♦❣r❛♠❛s✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✼✼ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

r❛ ✹✳✷ ❡stá♥ ✉❜✐❝❛❞♦s ❡♥ ✈❛❧♦r❡s ❛❧t♦s✱ ❧♦ q✉❡ ✐♠♣❧✐❝❛ q✉❡ ❧❛s ❧❡♥❣✉❛s ❛❢❡❝t❛♥ ❢✉❡rt❡♠❡♥t❡

❡❧ t✐❧t ❞❡❧ ♠♦❞❡❧♦✳

❊s ❞❡❝✐r✱ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛③✐♠✉t❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❣❡♥❡r❛ ✉♥❛

❝♦♥tr✐❜✉❝✐ó♥ ❛❞✐❝✐♦♥❛❧ ❛❧ ✢✉❥♦ t♦t❛❧ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❝❛✉s❛♥❞♦ ✉♥❛ r♦t❛❝✐ó♥ ❛♣❛r❡♥t❡

❞❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦✱ ❡♥ ❝♦♥tr❛st❡ ❝♦♥ ❧❛ r♦t❛❝✐ó♥ r❡❛❧ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ P❛r❛

❝✉❛♥t✐✜❝❛r ❡st❡ ❡❢❡❝t♦✱ ✐♥✈❡st✐❣❛♠♦s ❝ó♠♦ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡❧ ❜✐♣♦❧♦✱ φ✱ ❡✈♦❧✉❝✐♦♥❛

❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ P❛r❛ ❡❧ ✽✸ ✪ ❞❡ ❧❛s ❘❆s✱ ❧❛ ✈❛r✐❛❝✐ó♥ ♠❡❞✐❛ ❞❡ φ ❡s ♠❡♥♦r ❛

10◦ r❡s♣❡❝t♦ ❞❡ s✉ ✈❛❧♦r ❡♥ ❡❧ ♠♦♠❡♥t♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ✭✈❡r ❋✐❣✉r❛ ✹✳✷✮✳ ❙✐♥

❡♠❜❛r❣♦✱ ❧❛ ✈❛r✐❛❝✐ó♥ ♣✉❡❞❡ s❡r ❣r❛♥❞❡ ♣❛r❛ ❛❧❣✉♥♦s ❝❛s♦s✱ ❝♦♥ r♦t❛❝✐♦♥❡s ❛♣❛r❡♥t❡s ❞❡

∼ 50◦✳ ❈♦♥❝❧✉✐♠♦s ❡♥t♦♥❝❡s q✉❡ ❡♥ ✈❛r✐♦s ❝❛s♦s ❧❛s ❧❡♥❣✉❛s t✐❡♥❡♥ ✉♥ ❡❢❡❝t♦ s♦❜r❡ ❧❛

❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳

✹✳✶✳✶✳ ❈♦rr❡❝❝✐ó♥ s♦❜r❡ ❧♦s ♣❛rá♠❡tr♦s ♣♦r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❧❡♥❣✉❛s

P❛r❛ ✐♥❞❡♣❡♥❞✐③❛r♥♦s ❞❡❧ ❡❢❡❝t♦ ♠❡♥❝✐♦♥❛❞♦ ❡♥ ❧❛ s❡❝❝✐ó♥ ❛♥t❡r✐♦r✱ ❞❡✜♥✐♠♦s ❡❧ á♥❣✉❧♦

❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡❣✐❞♦ ♣♦r ❧❛ ♦r✐❡♥t❛❝✐ó♥ ✜♥❛❧ ❞❡❧ ❜✐♣♦❧♦✳ ❙✉♣♦♥❡♠♦s q✉❡ ❡❧ t✉❜♦ ❞❡

✢✉❥♦ ♥♦ ❡stá r♦t❛♥❞♦ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❞❡ ♠❛♥❡r❛ ✐♥trí♥s❡❝❛ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✱ ♣♦r

❧♦ t❛♥t♦ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ s✉ ❡❥❡ ♣✉❡❞❡ s❡r ✐♥❢❡r✐❞❛ ❛ ♣❛rt✐r ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❧✉❡❣♦ ❞❡ q✉❡ ❧❛s

❧❡♥❣✉❛s ❞❡❥❛♥ ❞❡ s❡r ♥♦t♦r✐❛s ② ❛♥t❡s ❞❡ q✉❡ ♦tr❛ ❡♠❡r❣❡♥❝✐❛ ♦ ❧❛ ❞✐s♣❡rs✐ó♥ ♠♦❞✐✜q✉❡♥ ❡❧

❜✐♣♦❧♦ ❞❡ ❧❛ ❘❆✳ ❈♦♥s✐❞❡r❛♠♦s q✉❡ ❡❧ ♠♦♠❡♥t♦ ❡♥ ❡❧ q✉❡ ❧❛ ❘❆ ❛❧❝❛♥③❛ ❡❧ ✢✉❥♦ ♠á①✐♠♦

s❛t✐s❢❛❝❡ ❛♠❜❛s ❝♦♥❞✐❝✐♦♥❡s✳ ❊♥t♦♥❝❡s✱ ❞❡✜♥✐♠♦s ❧♦s á♥❣✉❧♦s ❝♦rr❡❣✐❞♦s τc ② φc ❝♦♠♦✿

τc(t) = τ(t)− φc(t) , ✭✹✳✶✮

φc(t) = φ(t)− φmax flux , ✭✹✳✷✮

❡♥ ❞♦♥❞❡ τc(t) ❡s ❡❧ á♥❣✉❧♦ ❞❡ ❧❛ ❧❡♥❣✉❛s ❛ t✐❡♠♣♦ t r❡s♣❡❝t♦ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡✜♥✐❞❛

♣♦r ❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ❛❧ ♠♦♠❡♥t♦ ❡♥ q✉❡ ❡❧ ✢✉❥♦ ❡s ♠á①✐♠♦ φflujo max ② φc(t) ❡s

❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝♦rr❡❣✐❞♦ ♣♦r ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ ❛❧ ♠♦♠❡♥t♦ ❡♥ q✉❡ ❡❧ ✢✉❥♦ ❡s

♠á①✐♠♦✳

▲✉❡❣♦✱ ❝❛❧❝✉❧❛♠♦s ❧♦s ✈❛❧♦r❡s ♣r♦♠❡❞✐♦✱ τc✱ ② ♠á①✐♠♦✱ |τc,max|✱ ❝♦♠♦ ❤✐❝✐♠♦s ❛♥t❡✲

r✐♦r♠❡♥t❡ ♣❛r❛ τ ✳ ❯♥❛ ❢r❛❝❝✐ó♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❘❆s s❡ ❡♥❝✉❡♥tr❛♥ ❝❡r❝❛♥❛s ❛ ❧❛s ❧í♥❡❛s

❋❡❜r❡r♦ ✷✵✶✼ ✼✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✶✳ ❊❙❚■▼❆❈■Ó◆ ❉❊ ▲❆ ❚❖❘❙■Ó◆ ❊◆ ❘❊●■❖◆❊❙ ❆❈❚■❱❆❙

(a)

(b)

τ > 0 τ < 0 τ :mod

❋✐❣✉r❛ ✹✳✸✿ ✭❛✮ |τ | ✈❡rs✉s |τc| ② ✭❜✮ |τmax| ✈❡rs✉s |τc,max| ♣❛r❛ ❧❛s ✹✶ ❘❆s ❡st✉❞✐❛❞❛s✳

▲❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ ♥❡❣r❛ ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ✐❣✉❛❧❞❛❞ ❞❡ ❧❛ ❛❜s❝✐s❛ ② ❧❛ ♦r❞❡♥❛❞❛✳ ▲❛

❧í♥❡❛ ♥❡❣r❛ ❝♦♥t✐♥✉❛ ❝♦rr❡s♣♦♥❞❡ ❛❧ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❞❡ t♦❞♦s ❧♦s ❞❛t♦s✱

❧♦s r♦♠❜♦s ❛③✉❧❡s ② r♦❥♦s ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛s ❘❆s ❝♦♥ τ < 0 ② τ > 0✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❈♦♥ ❝r✉❝❡s ✈❡r❞❡s ♠♦str❛♠♦s ❧♦s r❡s✉❧t❛❞♦s ❞❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ✭❡❧ ❝❛s♦ ❝♦♥ Nt = 1 s❡

♠✉❡str❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✸✳✻✮ ♣❛r❛ Nt = 0,05, 0,1, 0,15, 0,2, 0,25, 0,3, 0,4, 0,5, 0,75, 1, 2, 4✳ ▲❛

r❡❝t❛ ❞✐s❝♦♥t✐♥✉❛ ✈❡r❞❡ ♠✉❡str❛ ❡❧ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ♣❛r❛ ❡st♦s ✈❛❧♦r❡s✳ ❊st♦

✐♥❞✐❝❛ ✉♥❛ t❡♥❞❡♥❝✐❛ ❣❧♦❜❛❧ ❝♦♠♣❛r❛❜❧❡ ❡♥tr❡ ❡❧ ♠♦❞❡❧♦ ② ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s✳ ▲♦s ❝ír❝✉❧♦s

♥❛r❛♥❥❛s ❡♥ ❝❛❞❛ ♣❛♥❡❧ ♠✉❡str❛♥ ❧♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛❧ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛

❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✼✾ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❞❡✜♥✐❞❛s ♣♦r τc = τ ② |τc,max| = |τmax| ✭✈❡r ❧❛ ❋✐❣✉r❛ ✹✳✸✮✳ ▲❛ ❞✐s♣❡rs✐ó♥ ❛❧r❡❞❡❞♦r ❞❡

❡st❛s ❧í♥❡❛s s❡ ✐♥t❡r♣r❡t❛ ♣♦r ❧❛ r♦t❛❝✐ó♥ ✐♥trí♥s❡❝❛ ❞❡ ❧♦s ❜✐♣♦❧♦s ✭♣♦r ❡❥❡♠♣❧♦✱ ❞❡❜✐❞❛s

❛ ❞❡❢♦r♠❛❝✐♦♥❡s ❣❧♦❜❛❧❡s ✐♥trí♥s❡❝❛s ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛❧❣✉♥❛s ❘❆s

t✐❡♥❡♥ ✈❛❧♦r❡s ❞❡ τc s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛②♦r❡s q✉❡ ❞❡ τ ✱ ❛❧ ✐❣✉❛❧ q✉❡ ❝♦♥ ❧♦s ✈❛❧♦r❡s

♠á①✐♠♦s✳ ❊♥ ❡❢❡❝t♦✱ ❡❧ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❞❡ ❧❛ ❧í♥❡❛ ♥❡❣r❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✸

♠✉❡str❛ q✉❡ ❡st♦s r❡s✉❧t❛❞♦s s♦♥ ❝❡r❝❛♥♦s ❛ ❧♦s ✈❛❧♦r❡s ❞❡❧ ♠♦❞❡❧♦ ❝✉❛♥❞♦ s❡ ✈❛rí❛ ❡❧ ♥ú✲

♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt ✭✈❡r ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛s ❝r✉❝❡s ✈❡r❞❡s ❡♥ ❧❛ ✜❣✉r❛✮✳ ❊st❛ ❝♦rr❡❧❛❝✐ó♥

❡s ❜✉❡♥❛ ♣❛r❛ ✉♥❛ ❢r❛❝❝✐ó♥ ❞❡ ❧❛s ❘❆s ❡st✉❞✐❛❞❛s✳ ❊st♦ ♠✉❡str❛ q✉❡ ❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡

❞❡s❝r✐❜❡ ❜✐❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❘❆s ❡♥ r❡❧❛❝✐ó♥ ❛ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡ ❧❛ ▲■P ❞✉r❛♥t❡ ❧❛ ❡♠❡r✲

❣❡♥❝✐❛✳ ❱❡♠♦s q✉❡ ❡s ♥❡❝❡s❛r✐♦ ✉s❛r ✉♥ r❛♥❣♦ ❛♠♣❧✐♦ ❞❡ ✈❛❧♦r❡s ❞❡ Nt ♣❛r❛ ✐♥t❡r♣r❡t❛r ❛

❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❘❆s ❛♥❛❧✐③❛❞❛s✳

❊♥ ❡❧ ❈❛♣ít✉❧♦ ✻ ❛♥❛❧✐③❛♠♦s ❝♦♥ ♠❛②♦r ❞❡t❛❧❧❡ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛ ❞❡t❡r♠✐✲

♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s✳ ❚❛♠❜✐é♥ ♣r♦♣♦♥❡♠♦s ✉♥

♠ét♦❞♦ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❝❛❞❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ② ♠✐♥✐♠✐③❛r ❧❛ r♦t❛❝✐ó♥ ❛♣❛r❡♥t❡ ❞❡❧

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

✹✳✶✳✷✳ ❚♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ② ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

❯s❛♥❞♦ ❧❛ r❡❧❛❝✐ó♥✿

Nt,c =
tan τc
2

, ✭✹✳✸✮

❞❡r✐✈❛❞❛ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸ ♣♦❞❡♠♦s r❡❧❛❝✐♦♥❛r τc ♦❜t❡♥✐❞♦ ❡♥ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ❝♦♥ ❧❛

t♦rs✐ó♥ ❛s♦❝✐❛❞❛ ❛❧ ♣❛rá♠❡tr♦ Nt ❞❡❧ ♠♦❞❡❧♦✳ P❛r❛ ❡❧ ❝♦♥❥✉♥t♦ ❞❡ ✹✶ ❘❆s✱ ❝❛❧❝✉❧❛♠♦s

❞♦s ✈❛❧♦r❡s ❡①tr❡♠♦s ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s✱ Nt,c ② Nt,c,max✱ r❡♠♣❧❛③❛♥❞♦ ❡❧ ✈❛❧♦r ❞❡ τc

❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✸✮ ♣♦r ❧♦s ❞❡ τc ② τc,max r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❉❡ ❡st❛ ♠❛♥❡r❛✱ ❧❛ t♦rs✐ó♥ ❞❡

❧❛s ❘❆s ♦❜s❡r✈❛❞❛s ❡stá ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r Nt,c q✉❡✱ ❝♦♠♦ ❡stá ❞❡✜♥✐❞❛✱ ❡s ✉♥❛ ❢✉♥❝✐ó♥

♠♦♥ót♦♥❛♠❡♥t❡ ❝r❡❝✐❡♥t❡ ❞❡ τc✳ ❊st❛ r❡❧❛❝✐ó♥ ❞❡♣❡♥❞❡ ❢✉❡rt❡♠❡♥t❡ ❞❡❧ ♠♦❞❡❧♦ ② ♣✉❡❞❡

s❡r ♣✉❡st❛ ❛ ♣r✉❡❜❛ ❝♦♥ s✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦✱ ❡♥ ❞♦♥❞❡

t❛♥t♦ τc ❝♦♠♦ Nt,c ♣✉❡❞❡♥ ♦❜t❡♥❡rs❡ ❞❡ ♠❛♥❡r❛ ✐♥❞❡♣❡♥❞✐❡♥t❡✳

▲♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛ ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮

✭✈❡r ❧♦s ♣❛♥❡❧❡s ❛ ② ❝ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✼✮ ♠✉❡str❛♥ ✉♥❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s q✉❡ s❡ ❡①t✐❡♥❞❡♥

❋❡❜r❡r♦ ✷✵✶✼ ✽✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❤❛❝✐❛ ❡❧ ❝❡♥tr♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊st❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ♣r♦✈♦❝❛ ✉♥ ❡❢❡❝t♦ s♦❜r❡ ❧❛

✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P q✉❡ s❡ ♣✉❡❞❡ ✈❡r ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ✭❋✐❣✉r❛ ✸✳✼❜✮✳

❙✐♥ ❡♠❜❛r❣♦✱ ♥♦ ♠♦❞✐✜❝❛ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ②❛ q✉❡ ❧♦s ❜❛r✐❝❡♥tr♦s

❝❛♠❜✐❛♥ s✉ ♣♦s✐❝✐ó♥ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❡st❛ ❞✐r❡❝❝✐ó♥✳ P❛r❛ ❡st❛ ❞✐str✐❜✉❝✐ó♥

❞❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ ♦❜s❡r✈❛❞❛ ❡♥ ✈❛r✐♦s ❝❛s♦s ❞❡ ❘❆s ✭♣♦r ❡❥❡♠♣❧♦✱ ❧❛ ❘❆ ✶✵✺✹✼ ❡♥

❧❛ ❋✐❣✉r❛ ✸✳✾✮✱ τc ∼ τ ② τc,max ∼ τmax✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✸ ✐♥❞✐❝❛♠♦s ❡st❛ ✐❣✉❛❧❞❛❞ ❝♦♥ ✉♥

❝✐r❝✉❧♦ ♥❛r❛♥❥❛ ❡♥ ❝❛❞❛ ♣❛♥❡❧✳ ❈♦♥ ❡st♦s ✈❛❧♦r❡s ♠❡❞✐♦s ② ♠á①✐♠♦s ❞❡ τc✱ ♦❜t✉✈✐♠♦s ❡❧

♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ❞❡ Nt,c = 0,2 ② Nt,c,max = 0,3✳ ❊st♦s ✈❛❧♦r❡s s♦♥

❝♦♥s✐st❡♥t❡s ❝♦♥ ❧❛ ❝♦♥❞✐❝✐ó♥ ✐♥✐❝✐❛❧ ❞❡❧ t✉❜♦ ✭Nt = 0,5✮✳

❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✹ ✈❡♠♦s q✉❡ t♦❞♦s ❧♦s ✈❛❧♦r❡s ❞❡ Nt,c✱ ❡①❝❡♣t♦ ✉♥♦✱ ❡stá♥ ♣♦r ❞❡❜❛❥♦

❞❡ ❧❛ ✉♥✐❞❛❞ ② q✉❡ ❧❛ ♠❡❞✐❛♥❛ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❡s só❧♦ 0,2✳ ▲❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❘❆s

t✐❡♥❡ ❛ s✉ ✈❡③ ✉♥ ✈❛❧♦r ❞❡ Nt,c,max ♠❡♥♦r q✉❡ ❧❛ ✉♥✐❞❛❞ ② ❧❛ ♠❡❞✐❛♥❛ ♣❛r❛ t♦❞♦s ❧♦s

❝❛s♦s ❡s 0,4✳ ❊st♦ ♠✉❡str❛ q✉❡ ❧❛ ♣❛rt❡ ❡♠❡r❣❡♥t❡ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ t✐❡♥❡ ❡♥ ❣❡♥❡r❛❧

♣♦❝❛ t♦rs✐ó♥ ② q✉❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ q✉❡ t❡♥❣❛♥ ✉♥❛ ❢✉❡rt❡ t♦rs✐ó♥ ❡♥ ❡❧ ❝❛♠♣♦ s♦♥ r❛r♦s✳

❊st♦s r❡s✉❧t❛❞♦s s✐r✈❡♥ ❝♦♠♦ ❝♦t❛ ♣❛r❛ ❧❛ t♦rs✐ó♥ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❞❡ ❧❛s s✐♠✉❧❛❝✐♦♥❡s

♥✉♠ér✐❝❛s✱ ❡♥ ❡s♣❡❝✐❛❧✱ ♣❛r❛ ❛q✉❡❧❧♦s q✉❡ ✜❥❛♥ ❧❛ ❢♦r♠❛❝✐ó♥ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❡♥ ❧❛

❜❛s❡ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✳ ❋✐♥❛❧♠❡♥t❡✱ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❧♦s ❤✐st♦❣r❛♠❛s ❞❡ Nt,c ②

Nt,c,max ❡s ✐♠♣♦rt❛♥t❡ ②❛ q✉❡ τc(t) ❡✈♦❧✉❝✐♦♥❛ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❊st♦

♣✉❡❞❡ ❞❡❜❡rs❡ ❛ ❧❛ ❡①✐st❡♥❝✐❛ ❞❡ ✉♥ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ✈❛r✐❛❜❧❡ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ s❡❝❝✐ó♥ ❞❡❧

t✉❜♦ ❞❡ ✢✉❥♦✱ ❝♦♥tr❛r✐♦ ❛❧ ♠♦❞❡❧♦ s✐♠♣❧❡ ✉t✐❧✐③❛❞♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✺

❡①♣❧♦r❛♠♦s ❧♦s ❡❢❡❝t♦s q✉❡ ♣✉❡❞❡ t❡♥❡r ✉♥ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ✈❛r✐❛❜❧❡ ❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡

❧❛s ❧❡♥❣✉❛s ② ❡❧ ✈❛❧♦r ❞❡ τc(t)✳

❊❧ ❝á❧❝✉❧♦ ❞❡ τc ♥♦s ♣❡r♠✐t❡ ❡st✐♠❛r ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❘❆s s✐ ❝♦♠♣❛r❛♠♦s ❡❧ ✈❛❧♦r

❡q✉✐✈❛❧❡♥t❡ ❞❡ Nt,c ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦✳ ❱✐♠♦s ❝♦♥

❡st❡ ♠ét♦❞♦ q✉❡ t♦❞❛s ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ♣♦s❡❡♥ ❛❧ ♠❡♥♦s ✉♥❛ ❧❡✈❡ ❝❛♥t✐❞❛❞ ❞❡ t♦rs✐ó♥

❡♥ ❧❛ ♣❛rt❡ ❞❡❧ t✉❜♦ ❡♠❡r❣✐❞❛✱ ❛✉♥q✉❡ ❛ ✈❡❝❡s ❡st♦s ✈❛❧♦r❡s s❡❛♥ r❡❧❛t✐✈❛♠❡♥t❡ ❜❛❥♦s ✭❡♥

♣r♦♠❡❞✐♦ ❞❡❜❛❥♦ ❞❡ 0,2✮✳ ❍❛② ♦tr♦s ♠ét♦❞♦s ♣❛r❛ ✐♥❢❡r✐r ❡❧ ❣r❛❞♦ ❞❡ t♦rs✐ó♥ ❡♥ ❧❛s ❘❆s

❡♠❡r❣❡♥t❡s q✉❡ ♣✉❡❞❡♥ s❡r ♠ás ❝♦♠♣❧❡❥❛s q✉❡ s✐♠♣❧❡s r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s✱ ♣♦r ❡❥❡♠♣❧♦✱

❝❛❧❝✉❧❛♥❞♦ ❧❛s ❝♦rr✐❡♥t❡s ❡❧é❝tr✐❝❛s ❢♦t♦s❢ér✐❝❛s ❛ ♣❛rt✐r ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ✈❡❝t♦r✐❛❧❡s

✭●♦s❛✐♥ ❡t ❛❧✳✱ ✷✵✶✹❀ ❩❤❛♥❣✱ ✷✵✵✶❀ ❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ◆✉❡str♦ ♠ét♦❞♦ ❡stá ❜❛s❛❞♦ ❡♥ ❧❛

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✽✶ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

(a)

(b)

❋✐❣✉r❛ ✹✳✹✿ ✭❛✮ ❍✐st♦❣r❛♠❛s ❞❡ |Nt,c| ② ✭❜✮ |Nt,c,max| ♣❛r❛ ❧❛s ✹✶ ❘❆s ❡st✉❞✐❛❞❛s✳ ❈❛❞❛ ✈❛✲

❧♦r ❢✉❡ ❝❛❧❝✉❧❛❞♦ ❛❧ r❡❡♠♣❧❛③❛r τc ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✸✮ ♣♦r |τc| ② |τc,max|✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

▲❛ ♠❡❞✐❛✱ ❧❛ ♠❡❞✐❛♥❛ ② ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r s❡ ✐♥❞✐❝❛♥ ❡♥ ❝❛❞❛ ♣❛♥❡❧✳

❋❡❜r❡r♦ ✷✵✶✼ ✽✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✷✳ ❍❊▲■❈■❉❆❉ ▼❆●◆➱❚■❈❆ ❉❊ ❊❳❚❘❆P❖▲❆❈■❖◆❊❙ ❉❊▲ ❈❆▼P❖ ❈❖❘❖◆❆▲

❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ✉♥ á♥❣✉❧♦ ❞✉r❛♥t❡ ❧❛s ♣r✐♠❡r❛s ❡t❛♣❛s ❞❡ ❡♠❡r❣❡♥❝✐❛s ❞❡ ✢✉❥♦ ❞❡ ❧❛s

❘❆s✱ ② ♣♦r ❧♦ t❛♥t♦✱ t✐❡♥❡ ❧❛ ✈❡♥t❛❥❛ ❞❡ ❞❛r ✉♥❛ ♣r✐♠❡r❛ ❡st✐♠❛❝✐ó♥ ❝✉❛♥t✐t❛t✐✈❛ ❞❡ ❧❛

t♦rs✐ó♥ ❞✐r❡❝t❛♠❡♥t❡ ❞❡r✐✈❛❞❛ ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❝❛♠♣♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧✳

❚❛❧ ❝♦♠♦ s❡ ❤❛ ❡♥❝♦♥tr❛❞♦ ❡♥ tr❛❜❛❥♦s ♣r❡✈✐♦s✱ ❡❧ r❡s✉❧t❛❞♦ ♦❜t❡♥✐❞♦ ♠✉❡str❛ ✉♥❛

❜❛❥❛ t♦rs✐ó♥ ❡♥ ❧❛ ♣❛rt❡ ❡♠❡r❣❡♥t❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡ ❡s ❝♦♥s✐st❡♥t❡ ❝♦♥ ❧❛ ❤❡❧✐❝✐❞❛❞

♠❛❣♥ét✐❝❛ ❡st✐♠❛❞❛ ❡♥ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s ✭▲❛❇♦♥t❡ ❡t ❛❧✳✱ ✷✵✵✼❀ ❚✐❛♥ ✫ ❆❧❡①❛♥❞❡r✱ ✷✵✵✽❀

❨❛♥❣ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❊❧ ✢✉❥♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ❢♦t♦s❢ér✐❝❛ s❡ ❞❡r✐✈❛ ✉s✉❛❧♠❡♥t❡ ❡st✉❞✐❛♥❞♦ ❧❛

❡✈♦❧✉❝✐ó♥ t❡♠♣♦r❛❧ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s✳ ❊st❡ ✢✉❥♦✱ ♥♦r♠❛❧✐③❛❞♦

♣♦r ❡❧ ❝✉❛❞r❛❞♦ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ✭❡♥ ✉♥ ♠♦❞❡❧♦ ❞❡ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥

✉♥✐❢♦r♠❡✮✱ ♣r♦✈❡❡ ✉♥ ❡st✐♠❛❞♦r ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s q✉❡ ✈❛rí❛ ❡♥ ✉♥ r❛♥❣♦ ❡♥tr❡ 0,01

② 0,1 ✭❏❡♦♥❣ ✫ ❈❤❛❡✱ ✷✵✵✼❀ ▲✐✉ ✫ ❩❤❛♥❣✱ ✷✵✵✻❀ ◆✐♥❞♦s ❡t ❛❧✳✱ ✷✵✵✸✮✳ P♦r ♦tr❛ ♣❛rt❡✱ ❧❛

❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❝♦♥t❡♥✐❞❛ ❡♥ ✉♥ ❞❡t❡r♠✐♥❛❞♦ ♠♦♠❡♥t♦ ❡♥ ❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ♣✉❡❞❡

s❡r ❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❡ ❡①tr❛♣♦❧❛❝✐♦♥❡s ❞❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✳ ❊st♦ ♣✉❡❞❡

❤❛❝❡rs❡ ✉s❛♥❞♦ ✉♥ ♠♦❞❡❧♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s q✉❡ ❛❥✉st❡ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s ❡♥

❊❯❱✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣r♦✈❡❡ ✉♥❛ ❡st✐♠❛❝✐ó♥ ✐♥❞❡♣❡♥❞✐❡♥t❡ ❞❡ ❧❛ ✐♥②❡❝❝✐ó♥ ❞❡ ❤❡❧✐❝✐❞❛❞

② ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❡q✉✐✈❛❧❡♥t❡ q✉❡ ✈❛rí❛ ❡♥tr❡ 0,1 ② 0,2 ✭❉é♠♦✉❧✐♥ ❡t ❛❧✳✱ ✷✵✵✷❛❀

●r❡❡♥ ❡t ❛❧✳✱ ✷✵✵✷❀ ▲✐♠ ❡t ❛❧✳✱ ✷✵✵✼❀ ▼❛♥❞r✐♥✐ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❊♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✷ r❡❛❧✐③❛♠♦s

❡st❡ t✐♣♦ ❞❡ ❛♥á❧✐s✐s ❡♥ ♥✉❡str♦ ❝♦♥❥✉♥t♦ ❞❡ ✹✶ ❘❆s ❜✐♣♦❧❛r❡s ② ❝♦♠♣❛r❛♠♦s ❧❛ ❡st✐♠❛❝✐ó♥

❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ♦❜t❡♥✐❞♦ ❝♦♥ ❝❛❞❛ ♠ét♦❞♦✳

✹✳✷✳ ❍❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ❡①tr❛♣♦❧❛❝✐♦♥❡s ❞❡❧ ❝❛♠♣♦ ❝♦✲

r♦♥❛❧

❊♥ ❡st❛ s❡❝❝✐ó♥ ♥♦s ❡♥❢♦❝❛♠♦s ♥✉❡✈❛♠❡♥t❡ ❡♥ ❡❧ ❛♥á❧✐s✐s ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ✹✶

❘❆s ❜✐♣♦❧❛r❡s s❡❧❡❝❝✐♦♥❛❞❛s ❝♦♥ ❡❧ ❝r✐t❡r✐♦ ♣r❡s❡♥t❛❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✳ ❊♥ ❡st❡ ❝❛s♦✱

❧❛ ♠♦t✐✈❛❝✐ó♥ ❡s ❝♦♠♣❛r❛r ❡❧ ♣❛rá♠❡tr♦ ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ♦❜t❡♥✐❞♦ ❛ ♣❛rt✐r ❞❡ ❧❛

❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❝♦♥ ✉♥ ♣❛rá♠❡tr♦ ❡q✉✐✈❛❧❡♥t❡

♦❜t❡♥✐❞♦ ❛ ♣❛rt✐r ❞❡ ♠♦❞❡❧♦s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝♦r♦♥❛❧✳ ▲❛ ❜❛s❡ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ❡st❡

❛♥á❧✐s✐s ❡stá ❡♥ s✉♣♦♥❡r q✉❡ ❧❛s ❘❆s s♦♥ ♣r♦❞✉❝t♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥

t♦rs✐ó♥✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✽✸ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

✹✳✷✳✶✳ ▼♦❞❡❧♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧

❆ ❝♦♥t✐♥✉❛❝✐ó♥ ❞❡s❝r✐❜✐♠♦s ❡❧ ♠ét♦❞♦ s❡❣✉✐❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❡❧ ♣❛rá♠❡tr♦ α q✉❡

s❡rá ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝✉❛♥t✐✜❝❛r ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❘❆s✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❝♦♥s✐st❡ ❡♥ r❡❛❧✐③❛r

✉♥❛ ❡①tr❛♣♦❧❛❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝♦r♦♥❛❧ ❛ ♣❛rt✐r ❞❡❧ ❝❛♠♣♦

♠❡❞✐❞♦ ❡♥ ❧❛ ❢♦tós❢❡r❛✳ ❊❧ ❝á❧❝✉❧♦ ✉t✐❧✐③❛ ❡❧ ♠ét♦❞♦ ❞❡ ❧❛ tr❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡ ❋♦✉r✐❡r

✭❋❋❚✮ ♣❛r❛ r❡s♦❧✈❡r ❧❛ ❝♦♥❞✐❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✿

∇×❇ = α❇ , ✭✹✳✹✮

❡♥ ❞♦♥❞❡ B ❡s ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ② α ❡s ✉♥❛ ❝♦♥st❛♥t❡✳ ❊♥ ❡❧ ❆♣❡♥❞✐❝❡ ❆ ❞❡s❝r✐❜✐✲

♠♦s ❡♥ ❞❡t❛❧❧❡ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ♠ét♦❞♦ ♣❛r❛ ✐♥t❡❣r❛r ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✹✮ ✭✈❡r t❛♠❜✐é♥

❆❧✐ss❛♥❞r❛❦✐s✱ ✶✾✽✶✮✳

❯s❛♥❞♦ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❢♦t♦s❢ér✐❝♦s ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦ ② ❝♦♥ ✉♥ ♣❛rá♠❡✲

tr♦ α ❞❛❞♦✱ ❡❧ ❝ó❞✐❣♦ ❞❡ ❡①tr❛♣♦❧❛❝✐ó♥ ❝❛❧❝✉❧❛ ❧❛s tr❡s ❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡♥ ❝❛❞❛ ♣✉♥t♦ ❞❡ ❧❛ ❣r✐❧❧❛ ❞❡❧ r❡❝✐♥t♦ ❞❡ ✐♥t❡❣r❛❝✐ó♥ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✈♦❧✉♠❡♥ q✉❡

♦❝✉♣❛ ❧❛ ❘❆ ❡♥ ❧❛ ❝♦r♦♥❛✳ ❆ ♣❛rt✐r ❞❡ ❧♦s ♠♦❞❡❧♦s ♦❜t❡♥✐❞♦s ❝♦♥ ❧♦s ❞✐st✐♥t♦s ✈❛❧♦r❡s ❞❡

α s❡ ✐♥t❡❣r❛♥ ② tr❛③❛♥ ❝♦♥❥✉♥t♦s ❞❡ ❧í♥❡❛s ❞❡ ❝❛♠♣♦ q✉❡ s♦♥ ❝♦♠♣❛r❛❞❛s ❝♦♥ ❧♦s ❛r❝♦s

❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s ❡♥ ✐♠á❣❡♥❡s ❡♥ ❊❯❱✳ P❛r❛ ❝✉❛♥t✐✜❝❛r ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❘❆s ✉s❛♠♦s

❡❧ ✈❛❧♦r ❞❡ α q✉❡ ♠❡❥♦r ❛❥✉st❛ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣❡r♠✐t❡

s❡❧❡❝❝✐♦♥❛r ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ♣✉♥t♦s ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧♦s ❛r❝♦s ♦❜s❡r✈❛❞♦s ❡♥ ❊❯❱ ② ❧✉❡❣♦

❛❥✉st❛r ❧♦s ✈❛❧♦r❡s ❞❡ α ❞❡ ♠❛♥❡r❛ q✉❡ s❡ ♠✐♥✐♠✐❝❡ ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❡st♦s ♣✉♥t♦s ② ❧❛s

❧í♥❡❛s ❞❡ ❝❛♠♣♦ ✐♥t❡❣r❛❞❛s ❝♦♥ ❡❧ ♠♦❞❡❧♦ ✭✈❡r t❛♠❜✐é♥ ●♦s❛✐♥ ❡t ❛❧✳✱ ✷✵✶✹❀ ●r❡❡♥ ❡t ❛❧✳✱

✷✵✵✷❀ ▲ó♣❡③ ❋✉❡♥t❡s ❡t ❛❧✳✱ ✷✵✵✻✮✳

❉❡❜✐❞♦ ❛ q✉❡ ❡♥ ❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ❞❡ ❧❛s ❘❆s ❧❛ ❝♦♥❞✐❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ✭❡❝✉❛✲

❝✐ó♥ ✭✹✳✹✮✮ ❡s ♥♦ ❧✐♥❡❛❧ ✭♣♦r ❡❥❡♠♣❧♦✱ α ✈❛rí❛ ❡♥tr❡ ✉♥❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦ ② ♦tr❛✮✱ ❡❧ ♠❡❥♦r

✈❛❧♦r ❞❡ ❡st❡ ♣❛rá♠❡tr♦ ✭αbest✮ r❡s✉❧t❛ ❞❡❧ ♠❡❥♦r ❛❥✉st❡ ❡♥ ♣r♦♠❡❞✐♦ s♦❜r❡ ❞✐st✐♥t♦s ❛r✲

❝♦s ♦❜s❡r✈❛❞♦s✳ ❈♦♥s✐❞❡r❛♠♦s q✉❡ ♣❛r❛ ❝✉❛♥t✐✜❝❛r ❞❡ ♠❛♥❡r❛ ❣❧♦❜❛❧ ❧❛ t♦rs✐ó♥ ❞❡ ✉♥❛

❘❆✱ ❧❛ ❛♣r♦①✐♠❛❝✐ó♥ ❧✐♥❡❛❧ ❡s ❛♣r♦♣✐❛❞❛✳ ❆❞❡♠ás✱ ❧❛s ❘❆s ❛♥❛❧✐③❛❞❛s ❡stá♥ r❡str✐♥❣✐❞❛s

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

❧❛ ❙❡❝❝✐ó♥ ✸✳✶✳ ❊❧ ❤❡❝❤♦ ❞❡ q✉❡ ❡st❛s ❘❆s ♥♦ s❡❛♥ ❝♦♠♣❧❡❥❛s ❥✉st✐✜❝❛ ❡❧ ✉s♦ ❞❡ ✉♥ α

❋❡❜r❡r♦ ✷✵✶✼ ✽✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✷✳ ❍❊▲■❈■❉❆❉ ▼❆●◆➱❚■❈❆ ❉❊ ❊❳❚❘❆P❖▲❆❈■❖◆❊❙ ❉❊▲ ❈❆▼P❖ ❈❖❘❖◆❆▲

❝♦♥st❛♥t❡✱ ♣✉❞✐❡♥❞♦ s❡r ❡st❛ ❛♣r♦①✐♠❛❝✐ó♥ ✐♥s✉✜❝✐❡♥t❡ ❡♥ ❘❆s ❝♦♠♣❧❡❥❛s✳

❊❧ ❝ó❞✐❣♦ ❞❡ ❡①tr❛♣♦❧❛❝✐ó♥ ✉s❛ ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ✭✈❡r ❙❡❝❝✐ó♥ ✸✳✶✳✶✮✳ ▲❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❡st❛ ❝♦♠♣♦♥❡♥t❡

❞❡❧ ❝❛♠♣♦ ❡s ♠ás ❝♦♥✜❛❜❧❡ ❝✉❛♥❞♦ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛ ❝❡r❝❛ ❞❡❧ ❝❡♥tr♦ ❞❡❧ ❞✐s❝♦✱ ❡♥ ❡s♦s

❝❛s♦s ❧❛ ♣r♦②❡❝❝✐ó♥ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❞❡❧ ❝❛♠♣♦ tr❛♥s✈❡rs❛❧ ❡s ❞❡s♣r❡❝✐❛❜❧❡

❢r❡♥t❡ ❛ ❧❛ ❝♦♠♣♦♥❡♥t❡ ♥♦r♠❛❧✳ P♦r ❧♦ t❛♥t♦✱ ❝✉❛♥t♦ ♠ás ❝❡r❝❛♥❛ ❡sté ❧❛ ❘❆ ❛❧ ❝❡♥tr♦

❞❡❧ ❞✐s❝♦ ♠❡❥♦r s❡rá ❧❛ ❛♣r♦①✐♠❛❝✐ó♥ ❞❡ ♣r♦②❡❝t❛r ❡❧ ❝❛♠♣♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ✈❡rt✐❝❛❧ ❧♦❝❛❧✳

❊♥t♦♥❝❡s✱ ❡❧ ♣r✐♠❡r ❝r✐t❡r✐♦ t❡♥✐❞♦ ❡♥ ❝✉❡♥t❛ ❝♦♥s✐st❡ ❡♥ ✉s❛r ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦

❛❧ ♠❛❣♥❡t♦❣r❛♠❛ ♣❛r❛ ❡❧ ❝✉❛❧ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛ ♠ás ♣ró①✐♠❛ ❛❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧ ✭▼❈✮✳

❊❧ s❡❣✉♥❞♦ ❝r✐t❡r✐♦ ❝♦♥s✐❞❡r❛ ❧❛ ❝❛♥t✐❞❛❞ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♠❡r❣✐❞♦ ❞❡ ❧❛ ❘❆✳ ❊s

❞❡ ❡s♣❡r❛r q✉❡ ❧❛ t♦rs✐ó♥ ❡st❛rá ♠❡❥♦r ❞❡✜♥✐❞❛ ❡♥ ❧❛ ❝♦r♦♥❛ ♣❛r❛ ❧♦s ♠♦♠❡♥t♦s ❝❡r❝❛♥♦s

❛❧ ✢✉❥♦ ❢♦t♦s❢ér✐❝♦ ♠á①✐♠♦✱ ❝✉❛♥❞♦ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡❧ t✉❜♦ ❡♠❡r❣✐ó ② ❡❧ ✈♦❧✉♠❡♥ ❝♦r♦♥❛❧

♦❝✉♣❛❞♦ ♣♦r ❧❛ ❘❆ ❡s ♠á①✐♠♦✳ ❆♥t❡s ❞❡ ❛❧❝❛♥③❛r ❡❧ ✢✉❥♦ ♠á①✐♠♦ ❧❛ ❘❆ ❛ú♥ ❡stá ❡♥ ❧❛

❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ② ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♥♦ ❤❛ s✐❞♦ tr❛♥s♣♦rt❛❞❛ ❡♥ s✉ t♦t❛❧✐❞❛❞ ❤❛❝✐❛

❧❛ ❝♦r♦♥❛✳ ▲✉❡❣♦✱ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❞❡❝❛✐♠✐❡♥t♦ ❞❡ ❧❛s ❘❆s✱ ❧❛s ❡str✉❝t✉r❛s ❝♦r♦♥❛❧❡s s❡

r❡❧❛❥❛♥ ♣r♦❣r❡s✐✈❛♠❡♥t❡ ❞✐s♠✐♥✉②❡♥❞♦ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦✳ ❊st♦s ❝❛♠❜✐♦s ❡♥ ❧❛ t♦♣♦❧♦❣í❛

❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ s♦♥ ❞❡❜✐❞♦s ❡♥ ♣❛rt❡ ❛ ❧❛ ❞✐s♣❡rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ②

❛ ❧❛ ♣♦s✐❜❧❡ ❧✐❜❡r❛❝✐ó♥ ❞❡ ❡♥❡r❣í❛ ♠❛❣♥ét✐❝❛ ❧✐❜r❡ ❡♥ ❡✈❡♥t♦s ❝♦♠♦ ❢✉❧❣✉r❛❝✐♦♥❡s ♦ ❊❈▼s✳

❊s ✐♠♣♦rt❛♥t❡ ❝♦♥s✐❞❡r❛r q✉❡ ❧❛s ❊❈▼s ♣✉❡❞❡♥ t❡♥❡r ✉♥ r♦❧ ✐♠♣♦rt❛♥t❡ ❛❧ r❡♠♦✈❡r ♣❛rt❡

❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛ú♥

❝♦♥s✐❞❡r❛♥❞♦ t♦❞♦s ❡st♦s ❡❢❡❝t♦s✱ ❡s♣❡r❛♠♦s ♦❜t❡♥❡r ❧❛ ♠❡❥♦r ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥

r❡❛❧✐③❛♥❞♦ ♥✉❡str♦ ❛♥á❧✐s✐s ❡♥ ❢❡❝❤❛s ❝❡r❝❛♥❛s ❛❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❞❡ ❧❛ ❘❆✳

▲❛ ❝♦♠❜✐♥❛❝✐ó♥ ❞❡ ❛♠❜♦s ❝r✐t❡r✐♦s ✐♠♣❧✐❝❛ q✉❡ ♣❛r❛ ♥✉❡str♦ ❛♥á❧✐s✐s ❞❡❜❡♠♦s ❡s❝♦❣❡r

❧❛ ❢❡❝❤❛ ♠ás ❝❡r❝❛♥❛ ❛❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ s✐❡♠♣r❡ q✉❡ ❧❛ ❘❆ ♥♦ s❡ ❡♥❝✉❡♥tr❡

❛♣❛rt❛❞❛ ❞❡❧ ▼❈ ❡♥ ♠ás ❞❡ ✸✵◦ ❞❡ ❧♦♥❣✐t✉❞ ❤❡❧✐♦❣rá✜❝❛✳ ❙✐ ❡♥ ❧❛ ❢❡❝❤❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡

❛❧ ✢✉❥♦ ♠á①✐♠♦ ❞❡ ❧❛ ❘❆✱ ❡st❛ s❡ ❡♥❝✉❡♥tr❛ ❢✉❡r❛ ❞❡ ❡st❡ r❛♥❣♦ ❡s♣❛❝✐❛❧✱ ❡s❝♦❣❡♠♦s ❧❛

❢❡❝❤❛ ♠ás ❝❡r❝❛♥❛ ❞❡♥tr♦ ❞❡ ❡s❡ r❛♥❣♦✳ ❉❡ t♦❞❛s ♠❛♥❡r❛s✱ ❝♦♥s✐❞❡r❛♠♦s q✉❡ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ❞❡ ❧❛ r❡❣✐ó♥ ❡♥ ❡s❛ ❢❡❝❤❛ ♥♦ ♣✉❡❞❡ s❡r ♠❡♥♦r q✉❡ ❡❧ 70% ❞❡❧ ✢✉❥♦ ♠á①✐♠♦✳

▲❛s ❘❆s q✉❡ ❝✉♠♣❧❡♥ ❝♦♥ ❡st♦s ❝r✐t❡r✐♦s ❡stá♥ ❧✐st❛❞❛s ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶✳

P❛r❛ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❘❆s ❛♥❛❧✐③❛❞❛s✱ ✉s❛♠♦s ❞❛t♦s ❞❡❧ ▼❉■ ✭✈❡r ❙❡❝❝✐ó♥ ✸✳✶✳✶✮

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✽✺ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

② ❞❡❧ ❊❯❱ ■♠❛❣✐♥❣ ❚❡❧❡s❝♦♣❡ ✭❊■❚✱ ❉❡❧❛❜♦✉❞✐♥✐ér❡ ❡t ❛❧✳✱ ✶✾✾✺✮ ❛ ❜♦r❞♦ ❞❡ ❧❛ ♥❛✈❡

❙❖❍❖✳ P❛r❛ ❧❛s ❞♦s r❡❣✐♦♥❡s ❞❡ ❧❛s ❋✐❣✉r❛s ✸✳✶✶ ✕ ✸✳✶✷ ✉s❛♠♦s ❧♦s ❞❛t♦s ❞❡❧ ❍▼■ ✭✈❡r

❙❡❝❝✐ó♥ ✸✳✺✳✶✮ ② ❞❡❧ ❆t♠♦s♣❤❡r✐❝ ■♠❛❣✐♥❣ ❆ss❡♠❜❧② ✭❆■❆✱ ▲❡♠❡♥ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ❛ ❜♦r❞♦ ❞❡❧

❙❉❖✳ ❊■❚ ② ❆■❆ ♣r♦✈❡❡♥ ✐♠á❣❡♥❡s ❡♥ ❊❯❱ ✭✶✼✶✱ ✶✾✺✱ ❛♥❞ ✷✽✹ ➴✮ q✉❡ s♦♥ ❛❞q✉✐r✐❞❛s ❞❡

♠❛♥❡r❛ ❝❛s✐ s✐♠✉❧tá♥❡❛ ❝♦♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ✉t✐❧✐③❛❞♦s ♣❛r❛ r❡❛❧✐③❛r ❧❛ ❡①tr❛♣♦❧❛❝✐ó♥✳

❊st❛s ✐♠á❣❡♥❡s ♣❡r♠✐t❡♥ ❝♦♠♣❛r❛r ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s ❝♦♥ ❧❛ ❡str✉❝t✉r❛ ❞❡

❧♦s ❛r❝♦s ♠♦❞❡❧❛❞♦s ♣❛r❛ ❛❥✉st❛r ❡❧ ✈❛❧♦r ❞❡ α ❡♥ ❡❧ ♠♦❞❡❧♦✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s ② ❧❛s

✐♠á❣❡♥❡s ❊❯❱ ❢✉❡r♦♥ s✉♣❡r♣✉❡st❛s ✉s❛♥❞♦ ❤❡rr❛♠✐❡♥t❛s ❡♥ ■❉▲ ❞✐s♣♦♥✐❜❧❡s ❡♥ ❡❧ ♣❛q✉❡t❡

❞❡❧ ❙♦❧❛r ❙♦❢t✇❛r❡✳

▲❛s ❋✐❣✉r❛s ✹✳✺ ✕ ✹✳✼ ♠✉❡str❛♥ ❡❥❡♠♣❧♦s ❞❡ ❡str✉❝t✉r❛s ❝♦r♦♥❛❧❡s ♠♦❞❡❧❛❞❛s ♣❛r❛

❛❧❣✉♥❛s ❞❡ ❧❛s ❘❆s ❧✐st❛❞❛s ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶✳ ❈❛❞❛ ✜❣✉r❛ ♣♦s❡❡ ❞♦s ❘❆s ✭♣❛♥❡❧❡s s✉♣❡r✐♦r❡s

❡ ✐♥❢❡r✐♦r❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ P❛r❛ ❝❛❞❛ ❘❆ ❡❧ ♣❛♥❡❧ ✐③q✉✐❡r❞♦ ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ✐♠❛❣❡♥

❊❯❱ ② ❡❧ ♣❛♥❡❧ ❞❡r❡❝❤♦ ♠✉❡str❛ ❧❛ ❡str✉❝t✉r❛ ♠♦❞❡❧❛❞❛ r❡♣r❡s❡♥t❛❞❛ ♣♦r ❧❛s ❧í♥❡❛s

❞❡ ❝❛♠♣♦ ✭❡♥ r♦❥♦✮ ✐♥t❡❣r❛❞❛s ✉s❛♥❞♦ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✹✮ ❝♦♥ ❡❧ ♠❡❥♦r α q✉❡ ❛❥✉st❛ ❧♦s

❛r❝♦s ❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s✳ ▲❛ ❋✐❣✉r❛ ✹✳✺ ♠✉❡str❛ ❞♦s ❡❥❡♠♣❧♦s ❞❡ ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞

♠❛❣♥ét✐❝❛ ♥❡❣❛t✐✈❛✿ ❧❛ ❘❆ ✶✵✹✹✵ ✭♣❛♥❡❧❡s ❛ ② ❜✮ ② ❧❛ ❘❆ ✶✵✺✻✾ ✭♣❛♥❡❧❡s ❝ ② ❞✮✳ ▲❛

❋✐❣✉r❛ ✹✳✻ ❝♦rr❡s♣♦♥❞❡ ❛ ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛✿ ❧❛ ❘❆ ✶✵✾✵✵ ✭♣❛♥❡❧❡s ❛ ② ❜✮ ② ❧❛

❘❆ ✶✵✾✽✼ ✭♣❛♥❡❧❡s ❝ ② ❞✮✳ ❊♥ t♦❞♦s ❧♦s ❝❛s♦s ♥♦t❛♠♦s q✉❡ ❧❛ ❢♦r♠❛ ❞❡ ❧❛s ❧í♥❡❛s ❞❡

❝❛♠♣♦ ② ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ❡stá♥ ❞❡t❡r♠✐♥❛❞♦s ♣♦r ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✳

❋✐♥❛❧♠❡♥t❡✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✼✱ ❧♦s ♣❛♥❡❧❡s s✉♣❡r✐♦r❡s ✭❛ ② ❜✮ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ ❘❆ ✶✵✻✻✹

❝✉②❛ ❡str✉❝t✉r❛ ❞❡ ❛r❝♦s ❡s ❝❛s✐ ♣♦t❡♥❝✐❛❧✱ ② ❧♦s ♣❛♥❡❧❡s ✐♥❢❡r✐♦r❡s ✭❝ ② ❞✮ ♠✉❡str❛♥ ❡❧

❡❥❡♠♣❧♦ ❞❡ ❧❛ ❘❆ ✶✶✶✹✶ ♦❜s❡r✈❛❞❛ ❝♦♥ ❙❉❖✴❆■❆ ② ♠♦❞❡❧❛❞❛ ❛ ♣❛rt✐r ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s

♦❜t❡♥✐❞♦s ❝♦♥ ❡❧ ❙❉❖✴❍▼■✳

❙✐❣✉✐❡♥❞♦ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ② ❡❧ ❝r✐t❡r✐♦ ❞❡ s❡❧❡❝❝✐ó♥ ❞❡s❝r✐♣t♦ ❡♥ ❡st❛ s❡❝❝✐ó♥✱ ❞❡t❡r✲

♠✐♥❛♠♦s ❡❧ ✈❛❧♦r ❞❡ α q✉❡ ♠❡❥♦r ❛❥✉st❛ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♣❛r❛ t♦❞❛s ❧❛s ❘❆ ❛♥❛❧✐③❛❞❛s

❞❡ ❧❛ ❧✐st❛ ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶✳ ❊s ✐♠♣♦rt❛♥t❡ ❛❝❧❛r❛r q✉❡ ♥♦ t♦❞❛s ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ❡♥ ❧❛

❙❡❝❝✐ó♥ ✹✳✶ ❢✉❡r♦♥ ✐♥❝❧✉✐❞❛s ❡♥ ❡st❡ ❛♥á❧✐s✐s✳ ▲❛s ❘❆s ✶✵✼✷✼✱ ✶✵✽✷✽ ② ✶✶✵✵✺ ❢✉❡r♦♥ ❡①❝❧✉✐✲

❞❛s ❞❡❜✐❞♦ ❛ q✉❡ ❧♦s ❞❛t♦s ❞❡ ❊■❚ ♥♦ ❡st❛❜❛♥ ❞✐s♣♦♥✐❜❧❡s ♣❛r❛ ❧❛s ❢❡❝❤❛s r❡q✉❡r✐❞❛s ❡♥ ❡❧

❝r✐t❡r✐♦ ❞❡ s❡❧❡❝❝✐ó♥ ♦ ♣♦rq✉❡ ❧❛ ✈✐s✐❜✐❧✐❞❛❞ ❞❡ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♥♦ ❡r❛ s✉✜❝✐❡♥t❡ ❝♦♠♦

♣❛r❛ ❞❡t❡r♠✐♥❛r ❞❡ ♠❛♥❡r❛ ❝♦♥✜❛❜❧❡ ❡❧ ♠❡❥♦r ✈❛❧♦r ❞❡ α ♣❛r❛ ❛❥✉st❛r ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s✳

❋❡❜r❡r♦ ✷✵✶✼ ✽✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✷✳ ❍❊▲■❈■❉❆❉ ▼❆●◆➱❚■❈❆ ❉❊ ❊❳❚❘❆P❖▲❆❈■❖◆❊❙ ❉❊▲ ❈❆▼P❖ ❈❖❘❖◆❆▲

(a) (b)

(c) (d)

❋✐❣✉r❛ ✹✳✺✿ ❊❥❡♠♣❧♦ ❞❡ ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♥❡❣❛t✐✈❛✳ ✭❛✮ ■♠❛❣❡♥ t♦♠❛❞❛ ♣♦r

❙❖❍❖✴❊■❚ ❞❡ ❧❛ ❘❆ ✶✵✹✹✵ ❡♥ ❡❧ ❝❛♥❛❧ ❞❡ ✶✾✺➴✱ ♦❜t❡♥✐❞❛ ❡❧ ✷✷ ❞❡ ❛❣♦st♦ ❞❡ ✷✵✵✸ ❛ ❧❛s

✶✾✿✶✶ ✭❯❚✮✳ ✭❜✮ ▼♦❞❡❧♦ ❞❡ ❧❛ ❡str✉❝t✉r❛ ❝♦r♦♥❛❧ q✉❡ ♠❡❥♦r ❛❥✉st❛ ❛ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s

❝♦♥ α = −1,9 × 10−2 ▼♠−1✳ ✭❝✮ ■♠❛❣❡♥ ❡♥ ❊❯❱ ❞❡ ❧❛ ❘❆ ✶✵✺✻✾ ❡♥ ✶✾✺➴✱ ♦❜t❡♥✐❞❛

❡❧ ✼ ❞❡ ♠❛r③♦ ❞❡ ✷✵✵✹ ❛ ❧❛s ✵✽✿✵✸ ✭❯❚✮✳ ✭❞✮ ▼♦❞❡❧♦ ❞❡ ❧❛ ❡①tr❛♣♦❧❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦

❝♦r♦♥❛❧ ❝♦♥ α = −2,4 × 10−2 ▼♠−1✳ ❊♥ t♦❞♦s ❧♦s ♣❛♥❡❧❡s ❧♦s ❝♦♥t♦r♥♦s ❝♦rr❡s♣♦♥❞❡♥

❛ ❧♦s ✈❛❧♦r❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ❞❡ 100G ② 500G✳ ▲♦s ❝♦♥t♦r♥♦s ❡♥ ❝♦❧♦r

♠❛❣❡♥t❛ ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ❧♦s ❝♦♥t♦r♥♦s ❡♥ ❝✐❛♥ ❛❧ ❝❛♠♣♦

♥❡❣❛t✐✈♦ s♦❜r❡ ❧❛ ❢♦tós❢❡r❛✳ ❊♥ ❧♦s ♣❛♥❡❧❡s ❜ ② ❞ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❡①tr❛♣♦❧❛❞❛s s♦♥

♠♦str❛❞❛s ❡♥ ❝♦❧♦r r♦❥♦✳ ▲♦s ❡❥❡s ❞❡ ❧♦s ♣❛♥❡❧❡s ✭❜✮ ② ✭❞✮ ❡stá♥ ❡♥ ▼♠✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✽✼ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

(a) (b)

(c) (d)

❋✐❣✉r❛ ✹✳✻✿ ❊❥❡♠♣❧♦ ❞❡ ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♣♦s✐t✐✈❛✳ ✭❛✮ ■♠❛❣❡♥ t♦♠❛❞❛ ♣♦r ❡❧

❊■❚ ❛ ❜♦r❞♦ ❞❡ ❙❖❍❖ ❡♥ ✷✽✹➴❞❡ ❧❛ ❘❆ ✶✵✾✵✵✱ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✶✾ ❞❡ ❥✉❧✐♦ ❞❡ ✷✵✵✼ ❛ ❧❛s

✵✶✿✸✻ ✭❯❚✮✳ ✭❜✮ ▼♦❞❡❧♦ ❞❡ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ❡①tr❛♣♦❧❛❞♦s ❝♦♥ α = 6,3×10−3 ▼♠−1✳ ✭❝✮

■♠❛❣❡♥ ❡♥ ❊❯❱ t♦♠❛❞❛ ♣♦r ❊■❚ ❞❡ ❧❛ ❘❆ ✶✵✾✽✼ ❡♥ ✶✾✺➴✱ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✷✼ ❞❡ ♠❛r③♦ ❞❡

✷✵✵✽ ❛ ❧❛s ✶✷✿✹✼ ✭❯❚✮✳ ✭❞✮ ▼♦❞❡❧♦ ❞❡ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ✉s❛♥❞♦ α = 1,6×10−2 ▼♠−1 ❡♥

❧❛ ❡①tr❛♣♦❧❛❝✐ó♥✳ ❊♥ t♦❞♦s ❧♦s ♣❛♥❡❧❡s ❧♦s ❝♦♥t♦r♥♦s ♠✉❡str❛♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ❝♦♥ 100G ② 500G✳ ▲♦s ❝♦♥t♦r♥♦s ❡♥ ❝♦❧♦r ♠❛❣❡♥t❛ ❝♦rr❡s♣♦♥❞❡♥

❛❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ❧♦s ❝♦♥t♦r♥♦s ❡♥ ❝✐❛♥ ❛❧ ❝❛♠♣♦ ♥❡❣❛t✐✈♦ s♦❜r❡ ❧❛ ❢♦tós❢❡r❛✳

❊♥ ❧♦s ♣❛♥❡❧❡s ❜ ② ❞ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❡①tr❛♣♦❧❛❞❛s s♦♥ ♠♦str❛❞❛s ❡♥ ❝♦❧♦r r♦❥♦✳ ▲♦s

❡❥❡s ❞❡ ❧♦s ♣❛♥❡❧❡s ✭❜✮ ② ✭❞✮ ❡stá♥ ❡♥ ▼♠✳

❋❡❜r❡r♦ ✷✵✶✼ ✽✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✷✳ ❍❊▲■❈■❉❆❉ ▼❆●◆➱❚■❈❆ ❉❊ ❊❳❚❘❆P❖▲❆❈■❖◆❊❙ ❉❊▲ ❈❆▼P❖ ❈❖❘❖◆❆▲

(a) (b)

(c) (d)

❋✐❣✉r❛ ✹✳✼✿ ✭❛✮ ■♠❛❣❡♥ ❞❡ ❧❛ ❘❆ ✶✵✻✻✹ t♦♠❛❞❛ ♣♦r ❡❧ ❊■❚ ❛ ❜♦r❞♦ ❞❡ ❙❖❍❖ ❡♥ ✶✾✺➴❡❧ ✷✸

❞❡ ❛❣♦st♦ ❞❡ ✷✵✵✹ ❛ ❧❛s ✶✶✿✶✶ ✭❯❚✮✳ ❊st❛s ❡s ✉♥❛ ❘❆ ❝♦♥ ✉♥❛ ❡str✉❝t✉r❛ ❞❡ ❛r❝♦s ❝♦r♦♥❛❧❡s

❝❡r❝❛♥❛ ❛ ✉♥❛ ❝♦♥✜❣✉r❛❝✐ó♥ ♣♦t❡♥❝✐❛❧✳ ✭❜✮ ❊❧ ♠❡❥♦r ❛❥✉st❡ ❞❡ ❧♦s ❛r❝♦s s❡ ♦❜t✉✈♦ ❝♦♥ ✉♥

♠♦❞❡❧♦ ❞❡ α = 3,1× 10−3 ▼♠−1✳ ✭❝✮ ■♠❛❣❡♥ ❞❡ ❧❛ ❘❆ ✶✶✶✹✶ t♦♠❛❞❛ ♣♦r ❆■❆ ❛ ❜♦r❞♦

❞❡❧ ❙❉❖ ❡♥ ✉♥❛ ❜❛♥❞❛ ❞❡ ✶✼✶➴✱ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✶ ❞❡ ❡♥❡r♦ ❞❡ ✷✵✶✶ ❛ ❧❛s ✶✾✿✵✵ ✭❯❚✮✳

✭❞✮ ❊❧ ♠♦❞❡❧♦ ❞❡ ❛r❝♦s ❝♦r♦♥❛❧❡s ❝♦rr❡s♣♦♥❞❡ ❛ α = −9,4 × 10−3 ▼♠−1✳ ❊♥ t♦❞♦s ❧♦s

♣❛♥❡❧❡s ❧♦s ❝♦♥t♦r♥♦s ♠✉❡str❛♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ❝♦♥ 100G

② 500G✳ ▲♦s ❝♦♥t♦r♥♦s ❡♥ ❝♦❧♦r ♠❛❣❡♥t❛ ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ❧♦s

❝♦♥t♦r♥♦s ❡♥ ❝✐❛♥ ❛❧ ❝❛♠♣♦ ♥❡❣❛t✐✈♦ s♦❜r❡ ❧❛ ❢♦tós❢❡r❛✳ ❊♥ ❧♦s ♣❛♥❡❧❡s ❜ ② ❞ ❧❛s ❧í♥❡❛s ❞❡

❝❛♠♣♦ ❡①tr❛♣♦❧❛❞❛s s♦♥ ♠♦str❛❞❛s ❡♥ ❝♦❧♦r r♦❥♦✳ ▲♦s ❡❥❡s ❞❡ ❧♦s ♣❛♥❡❧❡s ✭❜✮ ② ✭❞✮ ❡stá♥

❡♥ ▼♠✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✽✾ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

✹✳✷✳✷✳ ❍❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❛ ♣❛rt✐r ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧

▲❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✱H✱ ♣✉❡❞❡ ❡st✐♠❛rs❡ ❞✐r❡❝t❛♠❡♥t❡ ❛ ♣❛rt✐r ❞❡❧ ❝❛♠♣♦ ♦❜t❡♥✐❞♦

♠❡❞✐❛♥t❡ ❡❧ ♠♦❞❡❧♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧ ✭▲❋❋❋ ♣♦r s✉s s✐❣❧❛s ❡♥ ✐♥❣❧és✮ ❞❡ ❧♦s ❛r❝♦s

❝♦r♦♥❛❧❡s ✭✈❡r ❇❡r❣❡r✱ ✶✾✽✺✮✳ ❊❧ ❝á❧❝✉❧♦ ❢✉❡ ♣r❡s❡♥t❛❞♦ ❡♥ ❉é♠♦✉❧✐♥ ❡t ❛❧✳ ✭✷✵✵✷❜✮ ②

●r❡❡♥ ❡t ❛❧✳ ✭✷✵✵✷✮✳ ❊♥ ❡st❡ ú❧t✐♠♦ tr❛❜❛❥♦✱ ❛♥❛❧✐③❛r♦♥ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

♠❛❣♥ét✐❝❛ ❝♦♠♦ ❢✉♥❝✐ó♥ ❞❡ α ② ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡ ❧❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❧♦s ❞✐❢❡r❡♥t❡s

♠♦❞♦s ❞❡ ❋♦✉r✐❡r ✉t✐❧✐③❛❞♦s ♣❛r❛ ✐♥t❡❣r❛r ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✹✮✳ ▲❛ ❡①♣r❡s✐ó♥ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

♣r❡s❡♥t❛❞❛ ❡♥ ❡s❡ ❛rtí❝✉❧♦ ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ❤❡❧✐❝✐❞❛❞ r❡❧❛t✐✈❛ r❡s♣❡❝t♦ ❞❡ ❧❛ s♦❧✉❝✐ó♥

♣♦t❡♥❝✐❛❧ ❞❡❧ ❝❛♠♣♦ ✭α = 0✮ ❝♦♥ ❧❛ ♠✐s♠❛ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦ ❢♦t♦s❢ér✐❝❛ ✭❝♦♠♣♦♥❡♥t❡

✈❡rt✐❝❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✮✳ ❊❧ ✉s♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ r❡❧❛t✐✈❛ ❡✈✐t❛ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡

●❛✉❣❡ ❞❡❧ ♣r♦❜❧❡♠❛ ❝✉❛♥❞♦ s❡ ❝❛❧❝✉❧❛ H ✭✈❡r ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✮✱ ❇❡r❣❡r✱ ✶✾✽✺✮✳ ❉é♠♦✉❧✐♥

❡t ❛❧✳ ✭✷✵✵✷❜✮ ② ●r❡❡♥ ❡t ❛❧✳ ✭✷✵✵✷✮ ✐♥tr♦❞✉❝❡♥ ✉♥❛ ❡①♣r❡s✐ó♥ ❧✐♥❡❛❧✐③❛❞❛ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

♣❛r❛ ❡✈✐t❛r ✉♥ ❝r❡❝✐♠✐❡♥t♦ ♥♦ r❡❛❧✐st❛ ❞❡ H ❝✉❛♥❞♦ α s❡ ❛❝❡r❝❛ ❛ s✉ ✈❛❧♦r ❞❡ r❡s♦♥❛♥❝✐❛

✭✈❡r ❆♣❡♥❞✐❝❡ ❆✳✶✮✳ ❘❡♠❛r❝❛♠♦s q✉❡ t♦❞♦s ❧♦s ✈❛❧♦r❡s ❞❡ α q✉❡ ♠❡❥♦r ❛❥✉st❛♥ ❛ ❧♦s ❛r❝♦s

❝♦r♦♥❛❧❡s ❡♥ ❧♦s ♠♦❞❡❧♦s ▲❋❋❋ ❞❡ ❡st❡ tr❛❜❛❥♦ ♣❡r♠❛♥❡❝❡♥ ♣♦r ❞❡❜❛❥♦ ❞❡ ❧♦s ✈❛❧♦r❡s ❞❡

r❡s♦♥❛♥❝✐❛✳ ▲❛ ❡❝✉❛❝✐ó♥ ♣r❡s❡♥t❛❞❛ ❡♥ ●r❡❡♥ ❡t ❛❧✳ ✭✷✵✵✷✮ ❢✉❡ ❝♦rr❡❣✐❞❛ ❡♥ ▼❛♥❞r✐♥✐

❡t ❛❧✳ ✭✷✵✵✺✮ ♣♦r ❧❛ s✐❣✉✐❡♥t❡ ❡①♣r❡s✐ó♥✿

H = α

Nx∑

nx=0

Ny∑

ny=0

|B̃2
nx,ny

|
(k2x + k2y)

3/2
, ✭✹✳✺✮

❡♥ ❞♦♥❞❡ ❡❧ ♠♦❞♦ nx = ny = 0✱ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❧ ❝❛♠♣♦ ✉♥✐❢♦r♠❡✱ ♥♦ t✐❡♥❡ ❝♦♥tr✐❜✉❝✐ó♥✱

B̃nx,ny
❡s ❧❛ ❛♠♣❧✐t✉❞ ❞❡❧ ♠♦❞♦ ❞❡ ❋♦✉r✐❡r (nx, ny)✱ kx = 2πnx/L✱ ky = 2πny/L ② L ❡s

❧❛ ❡①t❡♥s✐ó♥ ❞❡ ❧❛ ✐♥t❡❣r❛❝✐ó♥ ❡♥ ❡❧ ♣❧❛♥♦ ❢♦t♦s❢ér✐❝♦✳ ❊♥ ❡st❡ tr❛❜❛❥♦✱ ✉s❛♠♦s ❡stá ❢♦r♠❛

❧✐♥❡❛❧✐③❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r H ❛ ♣❛rt✐r ❞❡❧ ✈❛❧♦r ❞❡ α ✭✈❡r ❚❛❜❧❛ ✹✳✶✮✳

P♦r ♦tr❛ ♣❛rt❡✱ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝♦♥ t♦rs✐ó♥

✉♥✐❢♦r♠❡ ♣✉❡❞❡ ❝✉❛♥t✐✜❝❛rs❡ ♣♦r ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s N q✉❡ ❞❛ ✉♥❛ ❧í♥❡❛ ❞❡ ❝❛♠♣♦

❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦✳ ❈♦♥s✐❞❡r❛♥❞♦ ❡♥t♦♥❝❡s q✉❡ ✉♥ t✉❜♦ ❝♦♥ s✐♠❡trí❛ ❛①✐❛❧ t✐❡♥❡

✢✉❥♦ ♠❛❣♥ét✐❝♦ ❛①✐❛❧ ✭Φ✮✱ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❡♥ ❡st❡ ❝❛s♦ ❡stá ❞❛❞❛ ♣♦r NΦ2 ✭❇❡r❣❡r✱

✶✾✾✾✮✳ ❊st❛ ❡①♣r❡s✐ó♥ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❞❡s♣r❡❝✐❛ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❛s♦❝✐❛❞❛ ❛ ❧❛ ❞❡❢♦r♠❛❝✐ó♥

❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ✭✇r✐t❤❡✮✳ ❉❡✜♥✐♠♦s ❡♥t♦♥❝❡s ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❛s♦❝✐❛❞♦ ❛ ❧❛ ❤❡❧✐❝✐❞❛❞

❋❡❜r❡r♦ ✷✵✶✼ ✾✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✷✳ ❍❊▲■❈■❉❆❉ ▼❆●◆➱❚■❈❆ ❉❊ ❊❳❚❘❆P❖▲❆❈■❖◆❊❙ ❉❊▲ ❈❆▼P❖ ❈❖❘❖◆❆▲

❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞❡ ✉♥ ♠♦❞❡❧♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧✿

NH = H/Φ2. ✭✹✳✻✮

❯s❛♠♦s ❧❛ ♥♦t❛❝✐ó♥ NH ♣❛r❛ ❞✐❢❡r❡♥❝✐❛r ❡st❛ ❞❡✜♥✐❝✐ó♥ ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt

♣r❡s❡♥t❛❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✶✳✷✳ ▲❛ ❚❛❜❧❛ ✹✳✶ ♠✉❡str❛ ❧♦s ✈❛❧♦r❡s ❞❡ NH ❝❛❧❝✉❧❛❞♦s ✉s❛♥❞♦

❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✻✮ ② ❧❛s ❤❡❧✐❝✐❞❛❞❡s ❧✐st❛❞❛s ❡♥ ❧❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❝♦❧✉♠♥❛✳

❊❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ Φ ✉s❛❞♦ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✈❛❧♦r ♠❡❞✐♦ ❡♥tr❡ ❡❧ ✢✉❥♦ ♣♦s✐t✐✈♦ ② ❡❧ ♠ó✲

❞✉❧♦ ❞❡❧ ♥❡❣❛t✐✈♦ ❞❡ ❧❛ ❘❆✳ P❛r❛ ❝❛❧❝✉❧❛r❧♦ s❡❧❡❝❝✐♦♥❛♠♦s ❝❛❥❛s ❝♦♥ t❛♠❛ñ♦s s✐♠✐❧❛r❡s

♣❛r❛ t♦❞❛s ❧❛s ❘❆s✳ ❊♥ t♦❞♦s ❧♦s ❝❛s♦s✱ ❝❛❧❝✉❧❛♠♦s Φ ❝♦♥s✐❞❡r❛♥❞♦ s♦❧♦ ❡❧ ✢✉❥♦ ♣❡rt❡♥❡✲

❝✐❡♥t❡ ❛ ❧❛ ❘❆✱ ♣♦r ❧♦ q✉❡ ❧❛s ❝❛❥❛s ❢✉❡r♦♥ ❡s❝♦❣✐❞❛s ❝♦♥ ❡❧ t❛♠❛ñ♦ ♠í♥✐♠♦ q✉❡ ✐♥❝❧✉②❡r❛

❡❧ ✢✉❥♦ r❡❧❡✈❛♥t❡ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ❧❛ r❡❣✐ó♥✳ P♦r s✉♣✉❡st♦✱ ❞❡❜✐❞♦ ❛ q✉❡

❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♦❜s❡r✈❛❞♦ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛s ② ♥❡❣❛t✐✈❛s ❞❡ ✉♥❛ ❘❆ ♥♦ s❡

❡♥❝✉❡♥tr❛ ♥✉♥❝❛ ♣❡r❢❡❝t❛♠❡♥t❡ ❜❛❧❛♥❝❡❛❞♦✱ s❡ ❡s♣❡r❛ ✉♥ ❡rr♦r s♦❜r❡ ❡❧ ❝á❧❝✉❧♦ ❞❡❧ ✢✉❥♦

♠❡❞✐♦✳ P❛r❛ ❝❛r❛❝t❡r✐③❛r ❡❧ ❞❡s❜❛❧❛♥❝❡ tí♣✐❝♦ ❞❡❧ ✢✉❥♦ ❞❡ ✉♥❛ ❘❆ ❡♥ ♥✉❡str❛ s❡❧❡❝❝✐ó♥✱

❞❡✜♥✐♠♦s ❡❧ ❞❡s❜❛❧❛♥❝❡ r❡❧❛t✐✈♦ ❝♦♠♦ ❡❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❞❡ ✢✉❥♦s ❞✐✈✐❞♦ ❡❧

✢✉❥♦ ♠❡❞✐♦ ❝❛❧❝✉❧❛❞♦ ✭|Φ+−|Φ−||/Φ✮✳ ❙✐ ❝♦♥s✐❞❡r❛♠♦s ❡❧ ❡rr♦r r❡❧❛t✐✈♦ ❡♥ ❡❧ ✢✉❥♦ ❝♦♠♦ ❧❛

♠✐t❛❞ ❞❡❧ ❞❡s❜❛❧❛♥❝❡ r❡❧❛t✐✈♦ ❡♥ ❡❧ ✢✉❥♦ ✭∆Φ = |Φ+ − |Φ−||/2.✮✱ ❡♥t♦♥❝❡s ❡❧ ❡rr♦r ♠❡❞✐♦

r❡❧❛t✐✈♦ ❞❡❧ ✢✉❥♦ ♣❛r❛ ❧❛s ✸✽ ❘❆s ❡♥ ♥✉❡str❛ s❡❧❡❝❝✐ó♥ ❡s ❛♣ró①✐♠❛❞❛♠❡♥t❡ 0,05❀ ✷✻ ❘❆s

❡stá♥ ♣♦r ❞❡❜❛❥♦ ❞❡ ❡s❡ ✈❛❧♦r ② só❧♦ ✺ ❡stá♥ ♣♦r ❡♥❝✐♠❛ ❞❡ 0,1✳ ❙✐ ❝♦♥s✐❞❡r❛♠♦s só❧♦ ❡❧

❡❢❡❝t♦ ❞❡ Φ ✭❞❡s♣r❡❝✐❛♥❞♦ ❡❧ ❡❢❡❝t♦ ❞❡ H✮ ❡♥ ❡❧ ❡rr♦r ❞❡ NH✱ ✉♥❛ ♣r♦♣❛❣❛❝✐ó♥ s✐♠♣❧❡ ❞❡

❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✻✮ ✐♥❞✐❝❛ q✉❡ ❡❧ ❡rr♦r r❡❧❛t✐✈♦ ❡♥ NH ❡s ✐❣✉❛❧ ❛❧ ❞♦❜❧❡ ❞❡❧ ❡rr♦r r❡❧❛t✐✈♦

❡♥ Φ✳ P♦r ❧♦ t❛♥t♦✱ ❝♦♠♦ ✉♥❛ ❡st✐♠❛❝✐ó♥ s✐♠♣❧❡✱ ❡❧ ❡rr♦r r❡❧❛t✐✈♦ ♠❡❞✐♦ ❡♥ NH ❞❡❜✐❞♦ ❛❧

❞❡s❜❛❧❛♥❝❡ ❞❡❧ ✢✉❥♦✱ ♣❛r❛ ❧❛s ❘❆s s❡❧❡❝❝✐♦♥❛❞❛s ❡♥ ❡st❡ tr❛❜❛❥♦ ❡s ❞❡ ❛♣ró①✐♠❛❞❛♠❡♥t❡

0,1✳

❊s ✐♠♣♦rt❛♥t❡ ✐♥❞✐❝❛r ❛q✉í q✉❡ ❡❧ ❝á❧❝✉❧♦ ❞❡ H s❡ r❡❛❧✐③❛ ❡♥ ✉♥❛ ❝❛❥❛ ♠❛②♦r q✉❡ ❧❛

✉t✐❧✐③❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r Φ✳ ❊st♦ ❡s ❛sí ♣♦rq✉❡ ❧❛s ❝♦♥❞✐❝✐♦♥❡s ♣❡r✐ó❞✐❝❛s ❞❡❧ ♠ét♦❞♦ ❞❡

❋♦✉r✐❡r r❡q✉✐❡r❡♥ ✉♥❛ ③♦♥❛ ❞❡ ❝❛♠♣♦ ❜❛❥♦ ❛❧r❡❞❡❞♦r ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ♦❜s❡r✈❛❞♦ ♣❛r❛

❡✈✐t❛r ❡❢❡❝t♦s ❞❡ ❛❧✐❛s✐♥❣ ✭❆❧✐ss❛♥❞r❛❦✐s✱ ✶✾✽✶✮✳ P♦r ❧♦ t❛♥t♦✱ ❡❧ ❝á❧❝✉❧♦ ❞❡ H✱ r❡❛❧✐③❛❞♦

s♦❜r❡ t♦❞❛ ❧❛ ❝❛❥❛ ❞❡ ❡①tr❛♣♦❧❛❝✐ó♥✱ s♦❜r❡st✐♠❛ ❡❧ ❝♦♥t❡♥✐❞♦ r❡❛❧ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣✲

♥ét✐❝❛ ❞❡ ❧❛ ❘❆✳ P♦r ♦tr❛ ♣❛rt❡✱ ❞❡❜✐❞♦ ❛ q✉❡ ❡♥ ❡❧ ♠♦❞❡❧♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧ ❧❛s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✾✶ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❡str✉❝t✉r❛s ❣r❛♥❞❡s s♦♥ ❧♦s ♠❛②♦r❡s ❝♦♥tr✐❜✉②❡♥t❡s ❛ ❧❛ ❤❡❧✐❝✐❞❛❞✱ t♦❞❛s ❧❛s ❧í♥❡❛s ❞❡

❝❛♠♣♦ ❧❛r❣❛s q✉❡ s♦♥ ✐♥❝❧✉✐❞❛s ❛rt✐✜❝✐❛❧♠❡♥t❡ ❡♥ ❧❛ ❝❛❥❛ ❝♦♥tr✐❜✉✐rá♥ ❛ ✐♥❝r❡♠❡♥t❛r ❛ú♥

♠ás ❧❛ s♦❜r❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞✳ ❊♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✸ ❞✐s❝✉t✐♠♦s ❧❛s ❝♦♥s❡❝✉❡♥❝✐❛s ❞❡

❡st❛ ❛♣r♦①✐♠❛❝✐ó♥ ❡♥ ❧❛ ✈❛❧✐❞❡③ ❞❡ NH ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛ ❘❆✳

P♦r ú❧t✐♠♦✱ ❡st✉❞✐❛♠♦s ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ ♣❛rá♠❡tr♦ α ② ❧❛ t♦rs✐ó♥ ♣❛r❛ ✉♥ t✉❜♦ ❞❡

✢✉❥♦ ❝✐❧í♥❞r✐❝♦✳ P❛r❛ ❡st♦✱ ✉s❛♠♦s ❧❛ s♦❧✉❝✐ó♥ ❝❧ás✐❝❛ ♣❛r❛ ✉♥ t✉❜♦ ♠❛❣♥ét✐❝♦ ❝✐❧í♥❞r✐❝♦

❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❝♦♥ α ❝♦♥st❛♥t❡✱ ❝♦♥♦❝✐❞❛ ❝♦♠♦ ❧❛ s♦❧✉❝✐ó♥ ❞❡ ▲✉♥❞q✉✐st ✭✈❡r ❙t✉rr♦❝❦✱

✶✾✾✹✮✳ ❆♣r♦①✐♠❛♥❞♦ ❧❛s ❢✉♥❝✐♦♥❡s ❞❡ ❇❡ss❡❧ ♣❛r❛ ✈❛❧♦r❡s ❞❡ αr . 1✱ ♦❜t❡♥❡♠♦s ✉♥❛

r❡❧❛❝✐ó♥ ♣❛r❛ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ♣♦r ✉♥✐❞❛❞ ❞❡ ❧♦♥❣✐t✉❞ ❡♥

❢✉♥❝✐ó♥ ❞❡❧ ♣❛rá♠❡tr♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ✭✈❡r ❆♣❡♥❞✐❝❡ ❆✳✷✮✳ ▲❧❛♠❛♠♦s ❛ ❡st❡ ♣❛rá♠❡tr♦Nα

♣❛r❛ ❞✐st✐♥❣✉✐r❧♦ ❞❡ NH ② Nt ✭✈❡r ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮✮✳ ❊st❡ r❡s✉❧t❛❞♦ ❡s ✉♥❛ ❛♣r♦①✐♠❛❝✐ó♥

♣✉r❛♠❡♥t❡ ❣❡♦♠étr✐❝❛ ②❛ q✉❡ ❞❡s♣r❡❝✐❛ ❧❛ r❡❞✐str✐❜✉❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❛❧ ♠♦❞✐✜❝❛r ❧❛

❢♦r♠❛ ❞❡❧ t✉❜♦ r❡❝t♦ ✭s♦❧✉❝✐ó♥ ❞❡ ▲✉♥❞q✉✐st✮ ❛ ❧❛ ❢♦r♠❛ Ω ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❧❛s ❘❆s✳

❊♥ ❧❛ ú❧t✐♠❛ ❝♦❧✉♠♥❛ ❞❡ ❧❛ ❚❛❜❧❛ ✹✳✶ ❧✐st❛♠♦s ❧♦s ✈❛❧♦r❡s ❞❡ Nα ❝❛❧❝✉❧❛❞♦ ❝♦♥ ❧❛

❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮ ♣❛r❛ ❡❧ ❝♦♥❥✉♥t♦ ❞❡ ❘❆ ❡st✉❞✐❛❞❛s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✽ ❝♦♠♣❛r❛♠♦s ❧♦s

✈❛❧♦r❡s ❞❡ ❡st❡ ♣❛rá♠❡tr♦ ❝♦♥ ❡❧ ✈❛❧♦r NH ❡♥ t♦❞♦s ❧♦s ❝❛s♦s✳

❋❡❜r❡r♦ ✷✵✶✼ ✾✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❝♦♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✻✮ ② ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❝❛❧❝✉❧❛❞♦ ❞✐r❡❝t❛♠❡♥t❡ ❝♦♥ α ✉s❛♥❞♦ ❧❛

❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮✳ ▲♦s ✈❛❧♦r❡s ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞✱ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ② ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❧❛s

♣♦❧❛r✐❞❛❞❡s ❡♥❝♦♥tr❛❞♦s s♦♥ ❝♦♥s✐st❡♥t❡s ❝♦♥ ❧♦s ♦❜t❡♥✐❞♦s ♣❛r❛ ❘❆s ❡♥ ♦tr♦s tr❛❜❛❥♦s

✭❍♦❧❞❡r ❡t ❛❧✳✱ ✷✵✵✹❀ ▲ó♣❡③ ❋✉❡♥t❡s ❡t ❛❧✳✱ ✷✵✵✻❀ ❨❛♥❣ ❡t ❛❧✳✱ ✷✵✵✾✱ ✈❡r t❛♠❜✐é♥ r❡❢❡r❡♥❝✐❛s

❡♥ ❉é♠♦✉❧✐♥ ✫ P❛r✐❛t ✷✵✵✾ ② P❡✈ts♦✈ ❡t ❛❧✳ ✷✵✶✹✮✳

❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✽ ♠♦str❛♠♦s ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❧♦s ❞♦s ♣❛rá♠❡tr♦s ♦❜t❡♥✐❞♦s ❛ ♣❛rt✐r ❞❡

❧♦s ♠♦❞❡❧♦s ▲❋❋❋ ✭Nα ② NH✮✳ ▲❛ ❝❧❛r❛ r❡❧❛❝✐ó♥ ❧✐♥❡❛❧ ❡♥tr❡ ❛♠❜♦s ♣❛rá♠❡tr♦s ♠✉❡str❛

q✉❡ ❧❛s ❛♣r♦①✐♠❛❝✐♦♥❡s ❝♦♥s✐❞❡r❛❞❛s s♦❜r❡ Nα s♦♥ r❛③♦♥❛❜❧❡s✳ ❊❧ ❛❥✉st❡ ❧✐♥❡❛❧ ♣♦r ❝✉❛✲

❞r❛❞♦s ♠í♥✐♠♦s ❞❛ ✉♥❛ ♣❡♥❞✐❡♥t❡ ❝❡r❝❛♥❛ ❛ ✶ ✭0,82✮✳ ❊st❡ r❡s✉❧t❛❞♦ ✐♠♣❧✐❝❛ q✉❡ ❛♠❜❛s

❞❡✜♥✐❝✐♦♥❡s ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ♦❜t❡♥✐❞❛s ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧✱ ❞❛❞❛s ♣♦r ❧❛s ❡❝✉❛❝✐♦✲

♥❡s ✭✹✳✻✮ ② ✭❆✳✶✶✮✱ ♣♦❞rí❛♥ s❡r ✉t✐❧✐③❛❞❛s ❞❡ ❢♦r♠❛ ❡q✉✐✈❛❧❡♥t❡ ❞❡♥tr♦ ❞❡ ❧❛s ❧✐♠✐t❛❝✐♦♥❡s

❞❡ s✉ ❡st✐♠❛❝✐ó♥✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡❧ ✈❛❧♦r ❞❡ NH ❞❡♣❡♥❞❡ ❞❡❧ t❛♠❛ñ♦ ❞❡ ❧❛ s❡❧❡❝❝✐ó♥ ✉s❛❞❛

♣❛r❛ ❝❛❧❝✉❧❛r Φ ② H✳ ❈♦♠♦ ✈✐♠♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✷✱ ❡❧ ❝á❧❝✉❧♦ ❞❡ H ♣✉❡❞❡ s❡r ❛r❜✐tr❛r✐♦

❞❡❜✐❞♦ ❛ ❧❛ ❡❧❡❝❝✐ó♥ ❞❡ ❧❛ ❝❛❥❛ ❞❡ ❡①tr❛♣♦❧❛❝✐ó♥✱ q✉❡ ❛ s✉ ✈❡③ ❞❛ ✉♥❛ s♦❜r❡st✐♠❛❝✐ó♥ ❞❡❧

✈❛❧♦r ❞❡ H✳ ❊st♦ s❡ ✈❡ ❝♦♥✜r♠❛❞♦ ❡st✉❞✐❛♥❞♦ ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡ ❧❛ ❝❛❥❛ ❞❡ ❡①tr❛♣♦❧❛❝✐ó♥

s❡❧❡❝❝✐♦♥❛❞❛ s♦❜r❡ NH ♣❛r❛ ✉♥ ♣❡q✉❡ñ♦ s✉❜❝♦♥❥✉♥t♦ ❞❡ ❘❆s✳ P❛r❛ ❝✐♥❝♦ ❘❆s✱ ✉♥ ✐♥❝r❡✲

♠❡♥t♦ ❞❡ ❝✉❛tr♦ ✈❡❝❡s ❞❡❧ t❛♠❛ñ♦ ❞❡ ❧❛ ❝❛❥❛ ✉t✐❧✐③❛❞❛ ♣r♦❞✉❝❡ ❡♥ ♣r♦♠❡❞✐♦ ✉♥❛ r❡❞✉❝❝✐ó♥

❞❡ NH ❛ ❧❛ ♠✐t❛❞✳ ❉❡❜❡♠♦s r❡♠❛r❝❛r q✉❡ ❡st❛ ✈❛r✐❛❝✐ó♥ ❞❡ NH ❡s ✉♥ ❡❢❡❝t♦ ❝♦♠❜✐♥❛❞♦

❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ H ② ❞❡ Φ✱ ②❛ q✉❡ ❛♠❜♦s s❡ ❡♥❝✉❡♥tr❛♥ ❛❢❡❝t❛❞♦s ♣♦r ❡❧ ❝❛♠❜✐♦✳ ❉❡ ❧❛s

❝✐♥❝♦ ❘❆s ❡st✉❞✐❛❞❛s✱ ❡♥ ❛❧❣✉♥♦s ❝❛s♦s ❡❧ ❝❛♠❜✐♦ ❡r❛ ❞❡❜✐❞♦ ❛ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ Φ ② ❡♥ ♦tr♦s

❋❡❜r❡r♦ ✷✵✶✼ ✾✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❋✐❣✉r❛ ✹✳✽✿ ◆ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nα ♦❜t❡♥✐❞♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮✱ ❡♥ ❢✉♥❝✐ó♥ ❞❡ NH✱

♦❜t❡♥✐❞♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✻✮✱ ♣❛r❛ ❡❧ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s ❧✐st❛❞❛s ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶✳ ▲❛ ❧í♥❡❛

❞✐s❝♦♥t✐♥✉❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❞❡ ❧♦s ❞❛t♦s ❝♦♥ ✉♥❛

♣❡♥❞✐❡♥t❡ ❞❡ 0,82✳

♣♦r ❡❧ ❝❛♠❜✐♦ t❛♥t♦ ❡♥ Φ ❝♦♠♦ ❡♥ H✳ P♦r ❧♦ t❛♥t♦✱ ♥♦ ❡s ♣♦s✐❜❧❡ ❡♥❝♦♥tr❛r ✉♥ só❧♦ ✈❛❧♦r

❞❡ NH ❛♣❧✐❝❛❜❧❡ ❡♥ t♦❞♦s ❧♦s ❝❛s♦s✱ ❡❧ ✈❛❧♦r ❞❡ Nα ♥♦ t✐❡♥❡ ❡st❡ t✐♣♦ ❞❡ ❧✐♠✐t❛❝✐ó♥ ❛✉♥q✉❡

❞❡♣❡♥❞❡ ❞❡ ❢✉❡rt❡s ❛♣r♦①✐♠❛❝✐♦♥❡s✳ ▲♦ ❝♦♥s✐❞❡r❛♠♦s✱ ♣♦r ❧♦ t❛♥t♦✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦r ❞❡❧

♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❝♦r♦♥❛❧✳ ❆ ❝♦♥t✐♥✉❛❝✐ó♥ ✉t✐❧✐③❛♠♦s ❡❧ ♣❛rá♠❡tr♦ Nα ♣❛r❛ ❝♦♠♣❛r❛r

❝♦♥ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❢♦t♦s❢ér✐❝♦ ✭Nt✮ ♦❜t❡♥✐❞♦ ❛ ♣❛rt✐r ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳

❊❧ ♣❛rá♠❡tr♦ Nt ♠♦str❛❞♦ ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶ ❝♦rr❡s♣♦♥❞❡ ❛ N̄t,c✱ ❝❛❧❝✉❧❛❞♦ ❛ ♣❛rt✐r ❞❡❧

✈❛❧♦r ♠❡❞✐♦ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡❣✐❞♦ τc✱ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s

❘❆s ✭✈❡r ❧❛ ❙❡❝❝✐ó♥ ✹✳✶✮✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✹✳✾ ♠♦str❛♠♦s ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡ Nα ② Nt✳ ▼ás

❛❧❧á ❞❡ ❧❛ ❞✐s♣❡rs✐ó♥ ❛♣r❡❝✐❛❜❧❡✱ ❡❧ ❣rá✜❝♦ ✐♥❞✐❝❛ ✉♥❛ ❝♦rr❡❧❛❝✐ó♥ ❡♥tr❡ ❛♠❜♦s ♣❛rá♠❡tr♦s✳

❊♥ ♣r✐♠❡r ❧✉❣❛r✱ ❡❧ s❡♥t✐❞♦ ❞❡ ❧❛ t♦rs✐ó♥✱ ♣r♦✈✐st♦ ♣♦r ❡❧ s✐❣♥♦ ❞❡ Nα ② ❞❡ Nt✱ ❡s ❡❧

♠✐s♠♦ ♣❛r❛ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❘❆s✳ ❊s ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r q✉❡ ❞❡ ❧❛s ♣♦❝❛s ❡①❝❡♣❝✐♦♥❡s✱

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✾✼ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❋✐❣✉r❛ ✹✳✾✿ ❘❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nα ❝❛❧❝✉❧❛❞♦ ❝♦♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮ ② Nt

♦❜t❡♥✐❞♦ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ✭❙❡❝❝✐ó♥ ✹✳✶✳✷✮ ♣❛r❛ ✸✽ ❘❆s ❜✐♣♦❧❛r❡s✳

▲♦s ❛st❡r✐s❝♦s ♠❛r❝❛❞♦s ❡♥ ❛③✉❧ ♠✉❡str❛♥ ❞♦s ❝❛s♦s ❡①tr❡♠♦s q✉❡ s♦♥ r❡s♣♦♥s❛❜❧❡s ❞❡

❧❛ ❜❛❥❛ ♣❡♥❞✐❡♥t❡ ♦❜t❡♥✐❞❛ ❡♥ ❡❧ ❛❥✉st❡ ❧✐♥❡❛❧ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ✭❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛

❛③✉❧✮✳ ▲❛ ❧í♥❡❛ ❝♦♥t✐♥✉❛ ♥❡❣r❛ r❡♣r❡s❡♥t❛ ❡❧ ❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ ❧♦s ❞❛t♦s ✐♥❞✐❝❛❞♦s ❝♦♥

❛st❡r✐s❝♦s ♥❡❣r♦s ✭✸✻ ❘❆s✮✳ ❊♥ ❡❧ ♣❛♥❡❧ ♠♦str❛♠♦s ❧♦s ✈❛❧♦r❡s ❞❡ ❧❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s

♣❡♥❞✐❡♥t❡s✳ ▲❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ r♦❥❛ t✐❡♥❡ ✉♥❛ ♣❡♥❞✐❡♥t❡ ✉♥✐t❛r✐❛ ② ❢✉❡ ✐♥❝❧✉✐❞❛ ❝♦♠♦

r❡❢❡r❡♥❝✐❛✳

❋❡❜r❡r♦ ✷✵✶✼ ✾✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❞♦s ❞❡ ❡❧❧❛s ❝♦rr❡s♣♦♥❞❡♥ ❛ ❘❆s ❝♦♥ ✈❛❧♦r❡s ♣❡q✉❡ñ♦s ❞❡ Nα ② Nt ✭✉♥♦ ❞❡ ❡❧❧♦s ❝♦♥

α = 0✮✱ ✐♥❞✐❝❛♥❞♦ q✉❡ s✉s ❝♦♥✜❣✉r❛❝✐♦♥❡s s♦♥ ❛♣ró①✐♠❛❞❛♠❡♥t❡ ♣♦t❡♥❝✐❛❧❡s✳ ❊❧ ❝❛s♦

r❡st❛♥t❡ ✭❘❆ ✶✵✹✶✺✮ ❡s ❡❧ ú♥✐❝♦ ❡♥ t♦❞♦ ❡❧ ❝♦♥❥✉♥t♦ ❡st✉❞✐❛❞♦ q✉❡ ♠✉❡str❛ ✉♥ ❝❧❛r♦ s✐❣♥♦

♦♣✉❡st♦ ❡♥tr❡ ❛♠❜♦s ♣❛rá♠❡tr♦s✳ ◆♦ ❢✉❡ ♣♦s✐❜❧❡ ❞❡t❡r♠✐♥❛r s✐ ❡st❛ ❞✐❢❡r❡♥❝✐❛ ❡s ❞❡❜✐❞❛

❛ ❡rr♦r❡s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ α ♦ ❡♥ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✳ ❈♦♥s✐❞❡r❛♥❞♦ ❧❛

t❡♥❞❡♥❝✐❛ ♦❜s❡r✈❛❞❛ ❡♥ ❧❛ ♠❛②♦rí❛ ❞❡ ❧♦s ❝❛s♦s✱ ❝♦♥❝❧✉✐♠♦s q✉❡ ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡ Nα ② Nt

❡s r❛③♦♥❛❜❧❡ ❞❡♥tr♦ ❞❡ ❧♦s ❡rr♦r❡s ❛s♦❝✐❛❞♦s ❛ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❡♥ ❛♠❜♦s

♣r♦❝❡❞✐♠✐❡♥t♦s✳

▲❛ r❡❣r❡s✐ó♥ ❧✐♥❡❛❧ ❞❡ ❧❛ ❋✐❣✉r❛ ✹✳✾ q✉❡ ✐♥❝❧✉②❡ t♦❞♦ ❡❧ ❝♦♥❥✉♥t♦ ❞❡ ❞❛t♦s ✭❧í♥❡❛ ❞✐s❝♦♥✲

t✐♥✉❛ ❛③✉❧✮ ♣♦s❡❡ ✉♥❛ ♣❡♥❞✐❡♥t❡ ❞❡ 0,11✳ ❊st❛ ♣❡♥❞✐❡♥t❡ ♣❛r❡❝❡ s❡r ❞❡♠❛s✐❛❞♦ ♣❡q✉❡ñ❛

❝♦♥s✐❞❡r❛♥❞♦ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❧♦s ♣✉♥t♦s✳ ❈♦♠♦ ❡❧ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡s

❢✉❡rt❡♠❡♥t❡ ❛❢❡❝t❛❞♦ ♣♦r ❧♦s ♣✉♥t♦s ❡①t❡r♥♦s ❛ ❧❛ t❡♥❞❡♥❝✐❛ ❝❡♥tr❛❧ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥✱

✐♥❝❧✉✐♠♦s ♦tr❛ r❡❣r❡s✐ó♥ ❧✐♥❡❛❧ ✭❡♥ ♥❡❣r♦✮ ❡♥ ❧❛ ❝✉❛❧ r❡♠♦✈✐♠♦s ❧♦s ❞♦s ❝❛s♦s ❡①tr❡♠♦s

✐♥❞✐❝❛❞♦s ❡♥ ❛③✉❧✳ ❚❛♠❜✐é♥ ✉t✐❧✐③❛♠♦s ♦tr♦ ❛❥✉st❡ q✉❡ ♠✐♥✐♠✐③❛ ❡❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡ ❧❛

❞✐st❛♥❝✐❛ ❞❡ ❧♦s ♣✉♥t♦s ❛ ❧❛ ❧í♥❡❛ r❡❝t❛ ❞❡ ❧❛ r❡❣r❡s✐ó♥ ✭♠✐❡♥tr❛s q✉❡ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦

❛♥t❡r✐♦r ♠✐♥✐♠✐③❛ ❡❧ ❝✉❛❞r❛❞♦ ❞❡ ❡st❛ ❞✐st❛♥❝✐❛✮✳ ❊❧ r❡s✉❧t❛❞♦ ❞❡ ❡st❡ ❛❥✉st❡ ♠ás r♦❜✉st♦✱

♣❛r❛ t♦❞♦s ❧♦s ♣✉♥t♦s✱ ❡s ❝❡r❝❛♥♦ ❛❧ q✉❡ ♦❜t✉✈✐♠♦s ❡①❝❧✉②❡♥❞♦ ❛ ❧♦s ❞♦s ♣✉♥t♦s ❡①t❡r✐♦✲

r❡s✳ ❊st♦ ❝♦♥✜r♠❛ ❡❧ ❡❢❡❝t♦ ♣❛r❝✐❛❧ ✐♥tr♦❞✉❝✐❞♦ ♣♦r ❧♦s ♣✉♥t♦s ♠❛r❣✐♥❛❧❡s ❡♥ ❡❧ ❛❥✉st❡

♣♦r ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s✳

▲♦s r❡s✉❧t❛❞♦s ♣r❡s❡♥t❛❞♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✾ ✐♠♣❧✐❝❛♥ q✉❡ Nt t✐❡♥❞❡ ❛ s❡r ✉♥ ♦r❞❡♥

❞❡ ♠❛❣♥✐t✉❞ ♠❛②♦r q✉❡ Nα✱ s✐❡♥❞♦ ❡♥ ♣r♦♠❡❞✐♦✱ s❡✐s ✈❡❝❡s ♠❛②♦r ❞❡ ❛❝✉❡r❞♦ ❝♦♥ ❧❛

♣❡♥❞✐❡♥t❡ ❞❡ ❞❡❧ ❛❥✉st❡ ✭❧í♥❡❛ ♥❡❣r❛✮✳ ❆s♦❝✐❛♠♦s ❡st❛ ❞✐❢❡r❡♥❝✐❛ ❛ ❞♦s ♣♦s✐❜❧❡s ❡s❝❡♥❛r✐♦s✳

❊♥ ♣r✐♠❡r ❧✉❣❛r✱ s✉♣♦♥❡♠♦s q✉❡ Nt ❡s ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s t♦t❛❧ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦

❤✐♣♦tét✐❝♦ ❞❡✜♥✐❞♦ ♣♦r ♠❡❞✐♦ t♦r♦ q✉❡ ❡♠❡r❣❡✳ ❊♥ ❝♦♥tr❛st❡✱ ❡❧ ♣❛rá♠❡tr♦ Nα ❝♦♥s✐❞❡r❛

s♦❧❛♠❡♥t❡ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❞❡ ❧❛ ♣❛rt❡ q✉❡ ②❛ ❤❛ ❡♠❡r❣✐❞♦ ❤❛❝✐❛ ❧❛ ❝♦r♦♥❛✱ ❡♥ ❡❧

✈♦❧✉♠❡♥ ❡♥ ❞♦♥❞❡ s❡ r❡❛❧✐③❛ ❧❛ ❡①tr❛♣♦❧❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦✳ ❊st❛ ♣❛r❡❝❡ s❡r ❧❛ ♣r✐♥❝✐♣❛❧

r❛③ó♥ ❞❡ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥ ✉♥ ❢❛❝t♦r s❡✐s ❡♥❝♦♥tr❛❞❛ ❡♥tr❡ Nα ② Nt✳ ❆❞❡♠ás✱ ❡❧ ❤❡❝❤♦

❞❡ ❡st❛r ❛♥❛❧✐③❛♥❞♦ ❘❆s q✉❡ ❝♦rr❡s♣♦♥❞❡♥ ❛ t✉❜♦s ❞❡ ✢✉❥♦ q✉❡ ❡♠❡r❣✐❡r♦♥ ❡♥ ❞✐st✐♥t❛s

♣r♦♣♦r❝✐♦♥❡s✱ ♣✉❡❞❡ s❡r ❡❧ ♠♦t✐✈♦ q✉❡ ❡①♣❧✐q✉❡ ❧❛ ❞✐s♣❡rs✐ó♥ ♦❜s❡r✈❛❞❛ ❡♥ ❡❧ ❣rá✜❝♦

❞❡ ❧❛ ❋✐❣✉r❛ ✹✳✾✳ ❚❛♠❜✐é♥ ❤❛② ✉♥ ❡❢❡❝t♦ ❞✐s♣❡rs✐✈♦ ❞❡❜✐❞♦ ❛❧ ❡rr♦r ❛s♦❝✐❛❞♦ ❛ ❝❛❞❛

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✾✾ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❋✐❣✉r❛ ✹✳✶✵✿ ❍✐st♦❣r❛♠❛ ❞❡ Nα✱ ♦❜t❡♥✐❞♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮✱ ♣❛r❛ ❡❧ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s

❧✐st❛❞❛s ❡♥ ❧❛ ❚❛❜❧❛ ✹✳✶✳ ▲❛ ♠❡❞✐❛ ② ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡st❛♥❞❛r ❞❡ ❧♦s ❞❛t♦s s❡ ♠✉❡str❛♥ ❡♥

❡❧ ♣❛♥❡❧✳

♣r♦❝❡❞✐♠✐❡♥t♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❝❛❞❛ ♣❛rá♠❡tr♦✳

❊♥ s❡❣✉♥❞♦ ❧✉❣❛r✱ ❧❛ ❞✐s♣❡rs✐ó♥ ♦❜s❡r✈❛❞❛ ♣✉❡❞❡ ❡st❛r ❝❛✉s❛❞❛ ♣♦r ❧❛ r❡❧❛❥❛❝✐ó♥ ♣❛r✲

❝✐❛❧ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧♦s ❛r❝♦s ♠❛❣♥ét✐❝♦s ❞❡❜✐❞♦ ❛ ❧❛ ♣r♦❞✉❝❝✐ó♥ ❞❡ ❢✉❧❣✉r❛❝✐♦♥❡s ② ❊❈▼s

❞✉r❛♥t❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❘❆s ❛♥❛❧✐③❛❞❛s✳ ▼✐❡♥tr❛s q✉❡ Nt ❡s ✉♥ ✈❛❧♦r ♣r♦♠❡❞✐♦ ❝❛❧❝✉✲

❧❛❞♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆✱ Nα ❡stá ❝❛❧❝✉❧❛❞♦ ❡♥ ❢❡❝❤❛s ❝❡r❝❛♥❛s ❛

❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦ ✭✈❡r ❧❛ ❙❡❝❝✐ó♥ ✹✳✷✳✶✮✳ ❊♥t♦♥❝❡s✱ s✐ ❧❛ ❘❆ ♣r♦❞✉❝❡ ❡✈❡♥t♦s

❛❝t✐✈♦s ❡♥ ❧♦s ❞í❛s ✉ ❤♦r❛s ❛♥t❡r✐♦r❡s ❛❧ ❝á❧❝✉❧♦ ❞❡ Nα✱ ❡st❡ ♣❛rá♠❡tr♦ ♣✉❡❞❡ s❡r ♠❡♥♦r

q✉❡ ❡❧ q✉❡ t❡♥❞rí❛ s✐♥ ❛❝t✐✈✐❞❛❞✳ ❆♥❛❧✐③❛♠♦s ❡st❛ ♣♦s✐❜✐❧✐❞❛❞ ❡st✉❞✐❛♥❞♦ ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡

Nα ② Nt ❡♥ ❢✉♥❝✐ó♥ ❞❡❧ ✢✉❥♦ t♦t❛❧ ❡♥ r❛②♦s✲❳✱ ♠❡❞✐❞♦ ♣♦r ❡❧ ●❖❊❙ ✭●❡♦st❛t✐♦♥❛r② ❖♣❡✲

r❛t✐♦♥❛❧ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙❛t❡❧❧✐t❡✮✱ ❛s♦❝✐❛❞♦ ❛ t♦❞❛s ❧❛s ❢✉❧❣✉r❛❝✐♦♥❡s ♣r♦❞✉❝✐❞❛s ♣♦r ❝❛❞❛

❘❆ ❞✉r❛♥t❡ ❡❧ ♣❡rí♦❞♦ ❛♥❛❧✐③❛❞♦✳ ❆✉♥q✉❡ ♥♦ ❡♥❝♦♥tr❛♠♦s ✉♥❛ ❝♦rr❡❧❛❝✐ó♥ q✉❡ ❛♣♦②❡ ❡s✲

t❛ ♣♦s✐❜✐❧✐❞❛❞✱ ♥♦ ♣♦❞❡♠♦s ❞❡s❝❛rt❛r ❝♦♠♣❧❡t❛♠❡♥t❡ ❡st❡ ❡s❝❡♥❛r✐♦ ② ❡st❡ ❡❢❡❝t♦ ♣♦❞rí❛

❡st❛r ♣❛r❝✐❛❧♠❡♥t❡ ♣r❡s❡♥t❡✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✵✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✹✳✸✳ ❈❖▼P❆❘❆❈■Ó◆ ❉❊ ▲❆ ❚❖❘❙■Ó◆ ❊◆ ▲❆ ❈❖❘❖◆❆ ❨ ▲❆ ❋❖❚Ó❙❋❊❘❆

❈♦♠♣❛r❛♥❞♦ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❡st❛❞íst✐❝❛ ❞❡ ❛♠❜❛s ❞❡t❡r♠✐♥❛❝✐♦♥❡s ❞❡❧ ♥ú♠❡r♦ ❞❡

✈✉❡❧t❛s ✭❝♦r♦♥❛❧ ② ❢♦t♦s❢ér✐❝♦✮✱ ❧❛ ❋✐❣✉r❛ ✹✳✶✵ ♠✉❡str❛ q✉❡ Nα t✐❡♥❡ ✉♥❛ ❞✐str✐❜✉❝✐ó♥

❞✐s♣❡rs❛ ② ❛s✐♠étr✐❝❛ ✭❡①t❡♥❞✐❞❛ ❤❛❝✐❛ ❧♦s ✈❛❧♦r❡s ♠❛②♦r❡s✮ q✉❡ ❡s s✐♠✐❧❛r ❛❧ ❤✐st♦❣r❛♠❛

❞❡ Nt ♠♦str❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✹✳✹✳ ▲❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ Nα t✐❡♥❡ ✉♥❛ ♠❡❞✐❛ ❞❡ 0,05 ② ✉♥❛

❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡ ❛♣ró①✐♠❛❞❛♠❡♥t❡ 60% ❞❡ ❡st❡ ✈❛❧♦r ♠❡❞✐♦✱ q✉❡ t❛♠❜✐é♥ ❡s s✐♠✐❧❛r

❛ ❧♦s ✈❛❧♦r❡s ♦❜t❡♥✐❞♦s ♣❛r❛ Nt ✭✈❡r ❙❡❝❝✐ó♥ ✹✳✶✳✷✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✵✶ ❋❡❜r❡r♦ ✷✵✶✼



▲❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❝♦♠♦ ❡st✐♠❛❞♦r ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞

❊♥ ❡st❡ ❝❛♣ít✉❧♦ r❡❛❧✐③❛♠♦s ✉♥❛ ❡st✐♠❛❝✐ó♥ ❝✉❛♥t✐t❛t✐✈❛ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧♦s t✉❜♦s

❞❡ ✢✉❥♦ q✉❡ ❞❛♥ ♦r✐❣❡♥ ❛ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✳ ❊♥❝♦♥tr❛♠♦s q✉❡ ❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s ❞❡

Nt s♦♥ ❝♦♥s✐st❡♥t❡s ❝♦♥ ♦tr❛s ❡st✐♠❛❝✐♦♥❡s ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s✳ ❙✐♥ ❡♠❜❛r❣♦✱ ✉♥❛

❞❡ ❧❛s ✈❡♥t❛❥❛s ❞❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ✉s❛❞♦ ❡♥ ❡st❛ ❚❡s✐s✱ ❝♦♠♣❛r❛❞♦ ❝♦♥ ♦tr♦s ♠ét♦❞♦s

q✉❡ ❡st✐♠❛♥ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❘❆s✱ ❡s s✉ s✐♠♣❧✐❝✐❞❛❞✳ ❆❞❡♠ás✱ Nt ♣r♦✈❡❡ ✉♥❛ ❜✉❡♥❛

❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❛✉♥ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ P❛r❛ ❝♦rr♦❜♦r❛r

❡st♦✱ ❝♦♠♣❛r❛♠♦s ❧❛ ❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ♦❜t❡♥✐❞❛ ❝♦♥ ❧❛s ❧❡♥❣✉❛s ② ❡❧ ♥ú♠❡r♦ ❞❡

✈✉❡❧t❛s Nα ❞❡r✐✈❛❞♦ ❞❡ ❧❛ ❡str✉❝t✉r❛ ❝♦r♦♥❛❧ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✳ ▲❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡

❛♠❜♦s ✈❛❧♦r❡s ❝♦rr♦❜♦r❛ q✉❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s ❡str✉❝t✉r❛s ❝♦r♦♥❛❧❡s ❞✐s♠✐♥✉②❡ ❝♦♥ ❧❛

❛❧t✉r❛ ❝♦♠♦ ❧♦ ♠✉❡str❛♥ r❡s✉❧t❛❞♦s ❞❡ tr❛❜❛❥♦s ❛♥t❡r✐♦r❡s q✉❡ ✉s❛♥ ♦❜s❡r✈❛❝✐♦♥❡s ❡♥

❞✐st✐♥t❛s ❧♦♥❣✐t✉❞❡s ❞❡ ♦♥❞❛ ✭●♦s❛✐♥ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▲♦s r❡s✉❧t❛❞♦s ❞❡ ❧❛s ❋✐❣✉r❛s ✹✳✾ ②

✹✳✶✵ ✐♥❞✐❝❛♥ ✉♥❛ r❡❧❛❝✐ó♥ ❞✐r❡❝t❛ ❡♥tr❡ ❧❛s ❞❡t❡r♠✐♥❛❝✐♦♥❡s ❢♦t♦s❢ér✐❝❛s ② ❝♦r♦♥❛❧❡s ❞❡ ❧❛

t♦rs✐ó♥ ② ❝♦♥✜r♠❛♥ ❧❛ ✈❛❧✐❞❡③ ❞❡❧ ♠ét♦❞♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✵✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✺

❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s

❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❊♥ ❡st❡ ❝❛♣ít✉❧♦ ❡①♣❧♦r❛♠♦s ❧❛s ♣r♦♣✐❡❞❛❞❡s ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ q✉❡

❢♦r♠❛♥ ❧❛s ❘❆s ❞✉r❛♥t❡ ✉♥ ❝✐❝❧♦ s♦❧❛r ❝♦♠♣❧❡t♦ ✉t✐❧✐③❛♥❞♦ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣r❡s❡♥t❛❞♦

❡♥ ❡❧ ❈❛♣ít✉❧♦ ✸✳ ❊♥ ❡❧ ❈❛♣ít✉❧♦ ✹ ♣✉s✐♠♦s ❛ ♣r✉❡❜❛ ❡st❡ ♣r♦❝❡❞✐♠✐❡♥t♦ ② ❡♥❝♦♥tr❛♠♦s

✉♥❛ r❡❧❛❝✐ó♥ ❞✐r❡❝t❛ ❡♥tr❡ ❡❧ ♣❛rá♠❡tr♦ τ ② ❧❛ t♦rs✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♠❡r✲

❣❡♥t❡✳ ◆✉❡str♦ ♦❜❥❡t✐✈♦ ❛❤♦r❛ ❡s ❜✉s❝❛r ❝✉❛❧q✉✐❡r r❡❧❛❝✐ó♥ q✉❡ ❡①✐st❛ ❡♥tr❡ ❧♦s ♣❛rá♠❡tr♦s

q✉❡ ❝❛r❛❝t❡r✐③❛♥ ❛ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ② ❧❛s ❞✐❢❡r❡♥t❡s ❢❛s❡s ❞❡❧ ❝✐❝❧♦ s♦❧❛r✱ ❛ s✉ ✈❡③

❡①♣❛♥❞✐♠♦s ♥✉❡str♦s r❡s✉❧t❛❞♦s ❡st❛❞íst✐❝♦s ❛❧ ✉s❛r ✉♥❛ ♠✉❡str❛ ♠❛②♦r ❞❡ ❘❆s✳ ❆❞❡♠ás✱

r❡❛❧✐③❛♠♦s ✉♥ ❛♥á❧✐s✐s ❞❡ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❞✐❢❡r❡♥t❡s ♠♦♠❡♥t♦s ❞❡❧ ♣r♦❝❡s♦

❞❡ ❡♠❡r❣❡♥❝✐❛ ② ❝♦♠♣❛r❛♠♦s ❧♦s ♣❡r✜❧❡s ❞❡ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ♠♦❞❡❧♦s ❞❡

❡♠❡r❣❡♥❝✐❛ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ♣❛r❛ ♦❜t❡♥❡r ♠ás ✐♥❢♦r♠❛❝✐ó♥ ❞❡ ❝♦♠♦ ❧❛ t♦rs✐ó♥

❡stá ❞✐str✐❜✉✐❞❛ ❡♥ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦✳ ▲♦s r❡s✉❧t❛❞♦s ♣r❡s❡♥t❛❞♦s ❡♥ ❡st❡ ❝❛♣ít✉❧♦ ❢✉❡r♦♥

♣✉❜❧✐❝❛❞♦s ❡♥ P♦✐ss♦♥ ❡t ❛❧✳ ✭✷✵✶✻✮✳

✺✳✶✳ ❈✐❝❧♦ ❙♦❧❛r ✷✸

❊❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸ t✉✈♦ ✉♥❛ ❞✉r❛❝✐ó♥ ♣r♦♠❡❞✐♦ ❞❡ ✶✶✳✼ ❛ñ♦s✱ ❝♦♠❡♥③❛♥❞♦ ❡♥ ❥✉♥✐♦

❞❡ ✶✾✾✻ ② ✜♥❛❧✐③❛♥❞♦ ❡♥ ❡♥❡r♦ ❞❡ ✷✵✵✽✳ ❊❧ ♠á①✐♠♦ ❞❡❧ ♣r♦♠❡❞✐♦ ♠❡♥s✉❛❧ ❞❡❧ ♥ú♠❡r♦

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✵✸ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❞❡ ♠❛♥❝❤❛s ✭s✉❛✈✐③❛❞♦ ❡♥ ✉♥ ♣❡rí♦❞♦ ❞❡ ✶✸ ♠❡s❡s✮ ♦❜s❡r✈❛❞♦ ❞✉r❛♥t❡ ❡❧ ❝✐❝❧♦ ❢✉❡ ❞❡

✶✷✵✳✽ ❡♥ ♠❛r③♦ ❞❡ ✷✵✵✵✳ ❈♦♥ ✉♥ ♠í♥✐♠♦ ❞❡ ✶✳✼✱ ❡st❡ í♥❞✐❝❡ ❢✉❡ ❡❧ ♠❡♥♦r r❡❣✐str❛❞♦ ❞❡

❧♦s ú❧t✐♠♦s ✶✵✵ ❛ñ♦s ❞❡ ❛❝t✐✈✐❞❛❞ ✭✈❡r ❍❛t❤❛✇❛②✱ ✷✵✶✵✱ ② ❝✐t❛s ❛❧❧í r❡❢❡r✐❞❛s✮✳

❙❡❧❡❝❝✐♦♥❛♠♦s ❘❆s ♦❜s❡r✈❛❞❛s ❡♥ ❡❧ ❞✐s❝♦ s♦❧❛r ❞✉r❛♥t❡ ❡❧ ♣❡rí♦❞♦ ❝♦♠♣❧❡t♦ ❞❡ ❢✉♥✲

❝✐♦♥❛♠✐❡♥t♦ ❞❡❧ ▼❉■✱ ❞❡s❞❡ ❡❧ ❝♦♠✐❡♥③♦ ❞❡❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸ ✭❡♥ ❥✉♥✐♦ ❞❡ ✶✾✾✻✮ ❤❛st❛ ❧♦s

♣r✐♠❡r♦s ❞♦s ❛ñ♦s ❞❡❧ ❈✐❝❧♦ ✷✹ ✭❡♥❡r♦ ❞❡ ✷✵✶✵✮✳ ▲❛ s❡❧❡❝❝✐ó♥ s✐st❡♠át✐❝❛ ❢✉❡ r❡❛❧✐③❛❞❛

❝♦♥ ❧♦s ❝r✐t❡r✐♦s ♣r❡s❡♥t❛❞♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✱ ❡♥ ❡❧ ❝✉❛❧ ❝♦♥s✐❞❡r❛♠♦s ❘❆s ❝♦♥ ❝♦♥✜✲

❣✉r❛❝✐♦♥❡s ❜✐♣♦❧❛r❡s ② ❛✐s❧❛❞❛s ❞❡ r❡♠❛♥❡♥t❡s ❞❡ ❝❛♠♣♦ ❞❡ ❢♦♥❞♦✳ ▲✉❡❣♦ ❞❡ ❧❛ s❡❧❡❝❝✐ó♥

♦❜t✉✈✐♠♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❝❛❞❛ ❘❆ ❞❡ ❧❛ ❜❛s❡ ❞❡

❞❛t♦s ❞❡❧ ▼❉■ ② r❡❛❧✐③❛♠♦s ❡❧ ♠✐s♠♦ ♣r♦❝❡s❛♠✐❡♥t♦ q✉❡ ❞❡s❝r✐❜✐♠♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✳✶✳

❈♦♠♦ ♠❡♥❝✐♦♥❛♠♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ♥❡❝❡s✐t❛♠♦s ❡st✉❞✐❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s

❛ ❧♦s ❧❛r❣♦ ❞❡ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ♣❡r♦ ♠✐♥✐♠✐③❛♥❞♦ ❧♦s ❡❢❡❝t♦s ❞❡

♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❝✉❛♥❞♦ ❧❛ ❘❆ ❡stá ❝❡r❝❛♥❛ ❛❧ ❧✐♠❜♦✳ ❊♥t♦♥❝❡s✱ ❧❛s ❘❆s s❡❧❡❝❝✐♦✲

♥❛❞❛s ❝♦♠✐❡♥③❛♥ s✉ ❡♠❡r❣❡♥❝✐❛ ❡♥tr❡ ❧♦s 30◦ ❞❡ ❧♦♥❣✐t✉❞ ❡st❡ ② ❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧

✭▼❈✮✳ ❈♦♥ t♦❞❛s ❡st❛s r❡str✐❝❝✐♦♥❡s ❡♥❝♦♥tr❛♠♦s ✶✽✼ ❘❆s ❜✐♣♦❧❛r❡s ❡♥ ❧♦s ✶✸ ❛ñ♦s ❞❡

♦❜s❡r✈❛❝✐♦♥❡s✳ ❆ ♣❡s❛r ❞❡ q✉❡ ❡st❛s ❝♦♥❞✐❝✐♦♥❡s s♦❜r❡ ❧❛s ❘❆s s❡❧❡❝❝✐♦♥❛❞❛s ❧✐♠✐t❛♥ ❡❧

❛❧❝❛♥❝❡ ❡st❛❞íst✐❝♦ ❞❡ ♥✉❡str♦ ❛♥á❧✐s✐s✱ ❡❧ ♦❜❥❡t✐✈♦ ❡s t❡♥❡r ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s ❡♥ ❧❛s q✉❡

❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ♣✉❡❞❡ s❡r ♦❜s❡r✈❛❞❛ ❝♦♥ ❝❧❛r✐❞❛❞✳

▲❛s ♣❡❧í❝✉❧❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ s❡r✐❡ ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ✭≈
18000♠❛❣♥❡t♦❣r❛♠❛s✮ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ♣❛r❛ ❝❛❞❛ ❘❆✱ ♥♦s ♣❡r♠✐t✐❡r♦♥ ❝❛❧❝✉❧❛r

❞❡ ♠❛♥❡r❛ s✐st❡♠át✐❝❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥

❞❡ ❧❛ ▲■P ❝♦♠♦ ✐♥❞✐❝❛♠♦s ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✸✳ ❉❡s❛rr♦❧❧❛♠♦s t♦❞❛s ❧❛s ❤❡rr❛♠✐❡♥t❛s ♣❛r❛

❡❧ ❝á❧❝✉❧♦ ② ❡❧ ❛♥á❧✐s✐s ❡st❛❞íst✐❝♦ ❞❡ ❧♦s ♣❛rá♠❡tr♦s ♠❡♥❝✐♦♥❛❞♦s ❝♦♥ ♣r♦❣r❛♠❛s ❜❛s❛❞♦s

❡♥ ■❉▲✳

✺✳✶✳✶✳ ❊❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦

❊♥ ❡❧ ❈❛♣ít✉❧♦ ✹ ♠♦str❛♠♦s q✉❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❛❢❡❝t❛♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡

✢✉❥♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ②❛ q✉❡ s♦♥ ❝r❡❛❞❛s ♣♦r ❧❛ ♣r♦②❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ ❡♥ ❧❛

❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈❡rt✐❝❛❧ ❧♦❝❛❧ ✭♦ ❡♥ ❣❡♥❡r❛❧ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❛ ❧í♥❡❛ ❞❡ ❧❛ ✈✐s✉❛❧✮✳ ❙✐♥ ❡♠❜❛r❣♦✱

t❛♥t♦ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ ❝♦♠♦ ❧❛ ❛①✐❛❧ ❡♥ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥tr✐❜✉②❡♥ ❛

❋❡❜r❡r♦ ✷✵✶✼ ✶✵✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✶✳ ❈■❈▲❖ ❙❖▲❆❘ ✷✸

Bz ❡♥ ❞✐st✐♥t❛s ♣r♦♣♦r❝✐♦♥❡s q✉❡ ✈❛rí❛♥ ❝♦♥t✐♥✉❛♠❡♥t❡ ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❛ ❧♦ ❧❛r❣♦

❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆✳ ❊st♦ ✐♠♣❧✐❝❛ q✉❡ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ ❛❧ ✢✉❥♦

♦❜s❡r✈❛❞♦ ♥♦ ♣✉❡❞❡ s❡r ❡st✐♠❛❞❛✳ ❙ó❧♦ ❡s ♣♦s✐❜❧❡ ❡st✐♠❛r ❡❧ ✢✉❥♦ ❛①✐❛❧ t♦t❛❧ ❝✉❛♥❞♦ ❡❧

t✉❜♦ ❞❡ ✢✉❥♦ ❤❛ ❡♠❡r❣✐❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❛ tr❛✈és ❞❡ ❧❛ ❢♦tós❢❡r❛ ② ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

❡stá♥ r❡❞✉❝✐❞❛s ♦ ❝♦♠♣❧❡t❛♠❡♥t❡ r❡tr❛í❞❛s✳

❆ ♣❡s❛r ❞❡ ❡st♦✱ ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛ ▲■P r❡s✉❧t❛ ❞❡❧ ❜❛❧❛♥❝❡ ❡♥tr❡ ❧❛s ❝♦♠♣♦♥❡♥t❡s

❛③✐♠✉t❛❧ ② ❛①✐❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ② s✉ ♦r✐❡♥t❛❝✐ó♥ ❝❛r❛❝t❡r✐③❛ ❧❛ ✐♠♣♦rt❛♥❝✐❛ ❞❡ ❧❛s

❧❡♥❣✉❛s ✭✈❡r ❙❡❝❝✐ó♥ ✹✳✶✮✳ ❊❧ ❛♥á❧✐s✐s r❡❛❧✐③❛❞♦ ♠✉❡str❛ q✉❡ ❧❛s ❧❡♥❣✉❛s ❡stá♥ ❛✉s❡♥t❡s ♣❛r❛

τc ≈ 0 ② ❝♦♠✐❡♥③❛♥ ❛ s❡r ✐♥t❡♥s❛s ❝✉❛♥❞♦ ❡❧ |τc| ❡s ❝❡r❝❛♥♦ ❛ 90◦✱ ❧í♠✐t❡ ❡♥ ❡❧ ❝✉❛❧ ❡❧ ✢✉❥♦

❛③✐♠✉t❛❧ ❞♦♠✐♥❛ s♦❜r❡ ❡❧ ✢✉❥♦ ❛①✐❛❧ ✭❝❛s♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ ♠✉❝❤❛ t♦rs✐ó♥✮✳ ❯♥❛

❡✈♦❧✉❝✐ó♥ ❝♦❤❡r❡♥t❡ ❞❡ τc✱ ❝♦♥ ✉♥ ú♥✐❝♦ s✐❣♥♦ ♣r❡❞♦♠✐♥❛♥t❡✱ ❡stá ♣r❡s❡♥t❡ ❡♥ ❧❛ ♠❛②♦rí❛

❞❡ ❧❛s ❘❆s ✭✈❡r ❡❥❡♠♣❧♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✺✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡♥ ❛❧❣✉♥❛s ❘❆s ❡♥❝♦♥tr❛♠♦s

❢✉❡rt❡s ✈❛r✐❛❝✐♦♥❡s ❞❡ τc(t) ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✱ ❞❡❜✐❞❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ❧❛

♣r❡s❡♥❝✐❛ ❞❡ ✢✉❥♦ ❞❡ ❢♦♥❞♦ ❛❞✐❝✐♦♥❛❧ ♦ ❡♠❡r❣❡♥❝✐❛s s❡❝✉♥❞❛r✐❛s ❞❡ ❞✐♣♦❧♦s q✉❡ ❡✈♦❧✉❝✐♦♥❛♥

❡♥ ❡❧ ❝❡♥tr♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♣r✐♥❝✐♣❛❧✳ P♦r ❡st❡ ♠♦t✐✈♦✱ s❡♣❛r❛♠♦s ❞❡❧ ❛♥á❧✐s✐s ✸✽ ❝❛s♦s

❝♦♥ ❡st❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛s ✶✽✼ ❘❆s s❡❧❡❝❝✐♦♥❛❞❛s✳ ❊♥t♦♥❝❡s ❝♦♥s✐❞❡r❛♠♦s ✶✹✾ ❘❆s

❡♥ ❞♦♥❞❡ ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ τc(t) ❞❛ ✉♥❛ ❜✉❡♥❛ ❛♣r♦①✐♠❛❝✐ó♥ ❞❡ s✉ ❡✈♦❧✉❝✐ó♥ ❡♥ ❛❧ ♠❡♥♦s

50% ❞❡ ❧❛ ❞✉r❛❝✐ó♥ t♦t❛❧ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❧❛ ❙❡❝❝✐ó♥ ✺✳✷ ❞❛♠♦s ✉♥❛ ❡①♣❧✐❝❛❝✐ó♥ ♠ás

❞❡t❛❧❧❛❞❛ s♦❜r❡ ❧❛ ❡❧❡❝❝✐ó♥ ❞❡ ❡st❡ ❝r✐t❡r✐♦✳

❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✶❛ ♠♦str❛♠♦s ❧♦s ❤✐st♦❣r❛♠❛s ❞❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ τc ❞✉r❛♥t❡ ❧❛ ❡♠❡r✲

❣❡♥❝✐❛ ✭τc✮ ❞❡ ❧❛s ✶✹✾ ❘❆s ❜✐♣♦❧❛r❡s✳ ❉❡ ❧❛ ♠✐s♠❛ ♠❛♥❡r❛✱ ❡♥ ❡❧ ♣❛♥❡❧ ✭❜✮ ♠♦str❛♠♦s ❧❛

❞✐str✐❜✉❝✐ó♥ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ♠á①✐♠♦ ❞❡ τc ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s

♠✐s♠❛s r❡❣✐♦♥❡s ✭τc,max✮✳ ❊♥ ❛♠❜♦s ♣❛♥❡❧❡s s❡♣❛r❛♠♦s ❧♦s ❤✐st♦❣r❛♠❛s ♣♦r ❡❧ s✐❣♥♦ ❞❡ τc

♣❛r❛ ♠♦str❛r q✉❡ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❡♥❝♦♥tr❛❞❛s ❡♥ ❝❛❞❛ ❞✐str✐❜✉❝✐ó♥ ✭♠❡❞✐❛ ② ❞❡s✈✐❛❝✐ó♥

❡stá♥❞❛r✮ ♥♦ ❞❡♣❡♥❞❡♥ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ t♦rs✐ó♥✳ ❙✐ ❝♦♥s✐❞❡r❛♠♦s ❡❧ ❝♦♥❥✉♥t♦ ❞❡ ❧❛s ✶✹✾

❘❆s ✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ t♦rs✐ó♥✱ t❡♥❡♠♦s q✉❡ ❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ |τc| ❡s
❛♣r♦①✐♠❛❞❛♠❡♥t❡ 30◦ ② ❧❛ ♠❡❞✐❛ ❞❡ |τc,max| ❡s ❞❡ 50◦✳ ❈♦♥ ❡st❡ r❡s✉❧t❛❞♦✱ ✐♥❢❡r✐♠♦s q✉❡

❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s t✐❡♥❡♥ ✉♥ ❡❢❡❝t♦ ❝❧❛r❛♠❡♥t❡ ❞❡t❡❝t❛❜❧❡ ❡♥ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❘❆s

❜✐♣♦❧❛r❡s✳ ❊st❛s ❞✐str✐❜✉❝✐♦♥❡s ❝♦♥✜r♠❛♥ ❧♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✶ ♣❛r❛

✉♥ ♠❛②♦r ♥ú♠❡r♦ ❞❡ ❘❆s ② ♥♦s ♣❡r♠✐t❡ ❝♦♥❝❧✉✐r q✉❡ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s ❡stá♥ tí♣✐❝❛♠❡♥t❡

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✵✺ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

(a)

(b)
78 RAs 71 RAs

78 RAs 71 RAs

❋✐❣✉r❛ ✺✳✶✿ ❍✐st♦❣r❛♠❛s ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♣r♦♠❡❞✐♦ ✭τc✮ ② s✉ ✈❛❧♦r ♠á①✐♠♦

✭τc,max✮ ❝❛❧❝✉❧❛❞♦s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✶✹✾ ❘❆s✳ ▼♦str❛♠♦s só❧♦ ❧❛s ❘❆s ❡♥ ❧❛s q✉❡

❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc ❛❞♠✐t❡ ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❡♥ ❛❧ ♠❡♥♦s ✉♥ 50% ❞❡❧ t✐❡♠♣♦ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ❧❛ ❘❆ ✭r❡♣r❡s❡♥t❛♠♦s ❡st♦s ❝❛s♦s ❝♦♥ tr✐á♥❣✉❧♦s ❧❧❡♥♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✷✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✵✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✶✳ ❈■❈▲❖ ❙❖▲❆❘ ✷✸

❢♦r♠❛❞❛s ♣♦r ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝♦♥ t♦rs✐ó♥✳

❊❧ s✐❣♥♦ ❞❡ τc ❡s ✉♥ ❡st✐♠❛❞♦r ❞✐r❡❝t♦ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ✭▲✉♦♥✐

❡t ❛❧✳✱ ✷✵✶✶❀ P♦✐ss♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❆ú♥ ❝♦♥s✐❞❡r❛♥❞♦ ❧❛s ✢✉❝t✉❛❝✐♦♥❡s ❡st❛❞íst✐❝❛s ❞❡ τc

✈❡♠♦s q✉❡ ❧❛s ❞✐str✐❜✉❝✐♦♥❡s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛

s♦♥ s✐♠✐❧❛r❡s ✭✈❡r ❧♦s ❤✐st♦❣r❛♠❛s ❞❡ τc ② τc,max ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✶✮✳ ▲❛ ♠❡❞✐❛ ❡♥ ❞❡ τc

❡s ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 31◦ ♣❛r❛ ❧❛ ❞✐str✐❜✉❝✐ó♥ ♣♦s✐t✐✈❛ ② −29◦ ♣❛r❛ ❧❛ ♥❡❣❛t✐✈❛✱ ❛♠❜❛s

❝♦♥ ❧❛ ♠✐s♠❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ✭≈ 14◦✮✳ ❊♥❝♦♥tr❛♠♦s ❧❛ ♠✐s♠❛ ❝♦rr❡s♣♦♥❞❡♥❝✐❛ ♣❛r❛

❧❛s ❞✐str✐❜✉❝✐♦♥❡s ❞❡ τc,max✳ ❊st♦ ✐♠♣❧✐❝❛ q✉❡ ❧❛s ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛

t✐❡♥❡♥ ♣r♦♣✐❡❞❛❞❡s ❡st❛❞íst✐❝❛s s✐♠✐❧❛r❡s ♣❛r❛ ❧♦s ♣❛rá♠❡tr♦s τc ② τc,max✳

✺✳✶✳✷✳ ❉✐str✐❜✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦♥ ❧❛ ❧❛t✐t✉❞

▲❛ ❞✐str✐❜✉❝✐ó♥ ❡♥ ❧❛t✐t✉❞ ❞❡ ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ❛ ❧♦s ❧❛r❣♦ ❞❡❧ ❝✐❝❧♦ s♦❧❛r ♠✉❡str❛ ❡❧

❝❧ás✐❝♦ ❞✐❛❣r❛♠❛ ❞❡ ♠❛r✐♣♦s❛ ✭❋✐❣✉r❛ ✺✳✷✮✳ ◆✉❡str❛ s❡❧❡❝❝✐ó♥ ❡stá ❜❛s❛❞❛ ❡♥ ❝♦♥❞✐❝✐♦♥❡s

s♦❜r❡ ❧❛ ❞✐st❛♥❝✐❛ ❛❧ ▼❈ ② ❧❛ ❛✉s❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❢♦♥❞♦ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛

❞❡ ❧❛ ❘❆✳ P♦r ❧♦ t❛♥t♦ ♥♦ r❡str✐♥❣✐♠♦s ❧❛ ❧❛t✐t✉❞ ♥✐ ❡❧ t✐❡♠♣♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ s❛❧✈♦ ♣❛r❛

❛❧❣✉♥❛s ♣♦❝❛s ❘❆s ❡♥ ❧❛s ❝✉❛❧❡s ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❡r❛ ❢✉❡rt❡♠❡♥t❡

❛❢❡❝t❛❞❛ ♣♦r r❡♠❛♥❡♥t❡s ❞❡ ❝❛♠♣♦ ✐♥t❡♥s♦✱ ❡♥ ❡s♣❡❝✐❛❧ ❞✉r❛♥t❡ ❡❧ ♠á①✐♠♦ ❞❡ ❛❝t✐✈✐❞❛❞

❞❡❧ ❝✐❝❧♦✳ ❉✉r❛♥t❡ ❡❧ ♠á①✐♠♦ ❞❡ ❛❝t✐✈✐❞❛❞ ♥♦ ✐♥❝❧✉✐♠♦s ❧❛s ❘❆s q✉❡ ❛♣❛r❡❝í❛♥ ❝❡r❝❛♥❛s✱

♦ ✐♥❝❧✉s♦ ❝♦✐♥❝✐❞❡♥t❡s ❝♦♥ r❡❣✐♦♥❡s ♣r❡❡①✐st❡♥t❡s✱ r❡s✉❧t❛♥❞♦ ❡♥ ❝♦♥✜❣✉r❛❝✐♦♥❡s ❞❡ ❝❛♠♣♦

❝♦♠♣❧❡❥❛s q✉❡ ♥♦ s❛t✐s❢❛❝í❛♥ ❡❧ ❝r✐t❡r✐♦ ❞❡✜♥✐❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✳ ❆ú♥ ❛sí ❡❧ ♥ú♠❡r♦ ❞❡

❘❆s s❡❧❡❝❝✐♦♥❛❞❛s ♣♦r ❛ñ♦ ❞✉r❛♥t❡ ❡❧ ♠á①✐♠♦ ❡s ❡st❛❞íst✐❝❛♠❡♥t❡ r❡❧❡✈❛♥t❡✳

❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✷ r❡♣r❡s❡♥t❛♠♦s ❝♦♥ tr✐❛♥❣✉❧♦s ❞❡ ❝♦❧♦r ✭❛③✉❧ ② r♦❥♦✮ ❡❧ s✐❣♥♦ ❞❡ ❧❛

t♦rs✐ó♥ ❞❡ ❧❛s ❘❆s✱ ✐♥❢❡r✐❞❛ ❝♦♥ ❡❧ s✐❣♥♦ ❞❡ τc✱ ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❝✐❝❧♦ s♦❧❛r✳ P✉❡❞❡ ✈❡rs❡ q✉❡ ❧♦s

s✐❣♥♦s ❞❡ τc ❡stá♥ ♠❡③❝❧❛❞♦s ❡♥ ❧❛t✐t✉❞ ② t✐❡♠♣♦ s✐♥ ✉♥ s✐❣♥♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ❞♦♠✐♥❛♥t❡ ❝❧❛r♦

❡♥ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦✳ ▲❛ ❋✐❣✉r❛ ✺✳✸❛ ♠✉❡str❛ ❧❛ ♣r♦♣♦r❝✐ó♥ ❞❡ r❡❣✐♦♥❡s s✐❣♥♦ ❞❡ t♦rs✐ó♥

♣♦s✐t✐✈♦ ② ♥❡❣❛t✐✈♦ ❡♥❝♦♥tr❛❞❛s ❡♥ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦✱ ❝♦♥✜r♠❛♥❞♦ ❝✉❛♥t✐t❛t✐✈❛♠❡♥t❡ ❡♥ ❡❧

❝♦♥❥✉♥t♦ ❞❡ ❘❆s ❛♥❛❧✐③❛❞♦ q✉❡ ❧❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❡s ❞é❜✐❧✳ ❊st❡

r❡s✉❧t❛❞♦✱ ❞❡r✐✈❛❞♦ só❧♦ ❞❡❧ ❛♥á❧✐s✐s ❞❡ ❘❆s ❜✐♣♦❧❛r❡s✱ ❝♦♥❝✉❡r❞❛ ❝♦♥ ♦tr♦s ❡st✉❞✐♦s ✭✈❡r ❧❛

❙❡❝❝✐ó♥ ✷✳✶✳✶✮ ❡♥ ❧♦s q✉❡ ❧❛ s❡♣❛r❛❝✐ó♥ ♣♦r ❤❡♠✐s❢❡r✐♦ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛

❡s ❞é❜✐❧ ♣❛r❛ ❡str✉❝t✉r❛s ♠❛❣♥ét✐❝❛s ❥ó✈❡♥❡s✳ ❊st❛ r❡❣❧❛✱ ❝♦♥ H < 0 ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✵✼ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❋✐❣✉r❛ ✺✳✷✿ ▲❛t✐t✉❞ ❞❡ ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸ ❝♦♠♣❧❡t♦✳ ❊❧

s✐❣♥♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈♦ ✭♥❡❣❛t✐✈♦✮✱ ✐♥❢❡r✐❞♦ ❛ ♣❛rt✐r ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✱ ❡stá

✐♥❞✐❝❛❞♦ ❝♦♥ tr✐á♥❣✉❧♦s r♦❥♦s ✭❛③✉❧❡s✮✳ ▲♦s tr✐á♥❣✉❧♦s r❡❧❧❡♥♦s ♠❛r❝❛♥ ❧❛s ❘❆s ❡♥ ❧❛s q✉❡

❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc ❛❞♠✐t❡ ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❡♥ ❛❧ ♠❡♥♦s ✉♥ 50% ❞❡❧ t✐❡♠♣♦ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ❧❛ ❘❆ ✭✶✹✾ ❘❆s ❞❡❧ t♦t❛❧ ❞❡ ✶✽✼ s❡❧❡❝❝✐♦♥❛s✮✳

♥♦rt❡ ② H > 0 ❡♥ ❡❧ s✉r✱ ❝♦♠✐❡♥③❛ ❛ s❡r ♠ás ✐♠♣♦rt❛♥t❡ ❛ ♠❡❞✐❞❛ q✉❡ ❧❛s ❡str✉❝t✉r❛s

s♦♥ ♠ás ❛♥t✐❣✉❛s✱ ❝♦♠♦ ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧♦s ✜❧❛♠❡♥t♦s ❡♥ ❞♦♥❞❡ ❡❧ s✐❣♥♦ ❤❡♠✐s❢ér✐❝♦ ❞❡ ❧❛

❤❡❧✐❝✐❞❛❞ ♣r❡❞♦♠✐♥❛ ❡♥ ❤❛st❛ ✉♥ 90% ❡♥ ❝❛❞❛ ❤❡♠✐s❢❡r✐♦ ✭P❡✈ts♦✈✱ ✷✵✵✷❀ P❡✈ts♦✈ ❡t ❛❧✳✱

✷✵✵✽✮✳ P❛r❛ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❘❆s ❛✈❛♥③❛❞❛s ❡♥ s✉ ❡✈♦❧✉❝✐ó♥ ❡st❛ r❡❣❧❛ t✐❡♥❡ ✉♥❛

✈❛❧✐❞❡③ ❞❡❧ 60 − 70%✳

❊s ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r q✉❡ ❧♦s r❡s✉❧t❛❞♦s ❡♥❝♦♥tr❛❞♦s ♣❛r❛ ❧❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ♥♦

s♦♥ ❞❡❜✐❞♦s ❛ ✉♥ ♣r❡❞♦♠✐♥✐♦ ❞❡ ❧♦s ✈❛❧♦r❡s ❜❛❥♦s ❞❡ |τc|✱ q✉❡ ♣♦❞rí❛♥ s❡r s❡♥s✐❜❧❡s ❛❧

r✉✐❞♦✱ s✐♥♦ q✉❡ ❧❛ ♠❡③❝❧❛ ❞❡ s✐❣♥♦s ❡stá ✐❣✉❛❧♠❡♥t❡ ♣r❡s❡♥t❡ ♣❛r❛ ❧♦s ❞✐st✐♥t♦s ✈❛❧♦r❡s

❞❡ |τc|✱ ❛❧ ✐❣✉❛❧ q✉❡ ♣❛r❛ t♦❞❛s ❧❛s ❧❛t✐t✉❞❡s ✭❋✐❣✉r❛ ✺✳✸❜✮✳ ❆❞❡♠ás✱ ♥♦ ❡♥❝♦♥tr❛♠♦s

❡✈✐❞❡♥❝✐❛ ❞❡ ✉♥❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧♦s ✈❛❧♦r❡s ❞❡ |τc| ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❝✐❝❧♦ s♦❧❛r✳

❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✹ ✈❡♠♦s q✉❡ ❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ τc ② s✉ ❞✐s♣❡rs✐ó♥ s♦♥ ♣rá❝t✐❝❛♠❡♥t❡

✐♥❞❡♣❡♥❞✐❡♥t❡s ❞❡❧ t✐❡♠♣♦✳ P❛r❛ s❡r ♠ás ♣r❡❝✐s♦s✱ ❧❛ ✈❛r✐❛❝✐ó♥ t❡♠♣♦r❛❧ ❞❡ |τc| ❡s só❧♦

❋❡❜r❡r♦ ✷✵✶✼ ✶✵✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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149 RAs

S: 79 RAs N: 70 RAs

(a)

(b)

❋✐❣✉r❛ ✺✳✸✿ ❉❡♣❡♥❞❡♥❝✐❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❝♦♥ ❧❛ ❧❛t✐t✉❞✳ ✭❛✮ ❊❧ ❤✐s✲

t♦❣r❛♠❛ ❡♥ r♦❥♦ ❝❧❛r♦✱ ❡♥ ❡❧ ❢♦♥❞♦✱ ♠✉❡str❛ ❧❛ ❧❛t✐t✉❞ ♣❛r❛ ❧❛s ✶✹✾ ❘❆s ❡st✉❞✐❛❞❛s✳ ❊❧

❤✐st♦❣r❛♠❛ ❛③✉❧ ♠✉❡str❛ ❧❛s ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♥❡❣❛t✐✈❛ ✭τc < 0✮✱ ❝♦♥ ❧♦ ❝✉❛❧ ❧❛ ♣❛rt❡

❡♥ r♦❥♦ ❝❧❛r♦ q✉❡ q✉❡❞❛ ✈✐s✐❜❧❡ ♠✉❡str❛ ❧❛ ❢r❛❝❝✐ó♥ ❞❡ r❡❣✐♦♥❡s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛✳

✭❜✮ ❱❛❧♦r ♠❡❞✐♦ ❛❜s♦❧✉t♦ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ |τc|✱ ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ❧❛t✐t✉❞ ♣❛r❛

❧❛s ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛ ✭tr✐á♥❣✉❧♦s r♦❥♦s✮ ② ♥❡❣❛t✐✈❛ ✭tr✐á♥❣✉❧♦s ❛③✉❧❡s✮✳ ❊❧ 53%

❞❡ ❧❛s ❘❆s ❞❡❧ ❤❡♠✐s❢❡r✐♦ s✉r t✐❡♥❡♥ s✐❣♥♦ ♣♦s✐t✐✈♦ ❞❡ τc✱ ♠✐❡♥tr❛s q✉❡ ❡❧ 58% ❞❡ ❧❛s

r❡❣✐♦♥❡s ❞❡❧ ❤❡♠✐s❢❡r✐♦ ♥♦rt❡ t✐❡♥❡♥ τc ♥❡❣❛t✐✈♦✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✵✾ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

(a)

(b)

❋✐❣✉r❛ ✺✳✹✿ ✭❛✮ ➪♥❣✉❧♦ ♠❡❞✐♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ τc✱ ❝❛❧❝✉❧❛❞♦ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ❧❛s ✶✹✾ ❘❆s ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸ ✭❡♥ r♦❥♦✿ τc > 0✱ ❡♥ ❛③✉❧✿ τc < 0✮✳ ✭❜✮ Pr♦♠❡❞✐♦

t❡♠♣♦r❛❧ ❝❛❞❛ ✷✵ ♣✉♥t♦s ❞❡❧ ❣rá✜❝♦ ❡♥ ❡❧ ♣❛♥❡❧ ✭❛✮✳ ▲❛s ❜❛rr❛s ❞❡ ❡rr♦r r❡♣r❡s❡♥t❛♥ ❧❛

❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡ ❝❛❞❛ ♣r♦♠❡❞✐♦ ❞❡ ✷✵ ♣✉♥t♦s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✶✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❞❡❧ ♦r❞❡♥ ❞❡ 10◦ ② ❡stá ❞❡♥tr♦ ❞❡❧ r❛♥❣♦ ❞❡✜♥✐❞♦ ♣♦r ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡❧ ♣r♦♠❡❞✐♦

t❡♠♣♦r❛❧ ✭✈❡r ❧❛s ❜❛rr❛s ❞❡ ❡rr♦r ♥❡❣r❛s ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✹❜✮✳

❊st♦s r❡s✉❧t❛❞♦s ♥♦ s❡ ❧✐♠✐t❛♥ ❛❧ s✉❜❝♦♥❥✉♥t♦ ❞❡ ✶✹✾ ❘❆s✱ s❡❧❡❝❝✐♦♥❛❞❛s ♣♦r ❧❛ ❡✈♦❧✉✲

❝✐ó♥ ❝❧❛r❛ ❞❡ τc ❡♥ ❛❧ ♠❡♥♦s 50% ❞❡❧ t✐❡♠♣♦ t♦t❛❧ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❖❜t✉✈✐♠♦s r❡s✉❧t❛❞♦s

s✐♠✐❧❛r❡s ♣❛r❛ ❧❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ♣❛r❛ ❡❧ ❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦ ❞❡ ✶✽✼ ❘❆s ✭≈✺✹ ✪ ❡♥ ❡❧

❤❡♠✐s❢❡r✐♦ s✉r ② ≈✻✵ ✪ ❡♥ ❡❧ ♥♦rt❡✮✱ ♠♦str❛♥❞♦ q✉❡ ❡st❡ ✉♠❜r❛❧ ❞❡❧ 50% ✐♠♣✉❡st♦ ❡♥

❧❛ ❡♠❡r❣❡♥❝✐❛ ② q✉❡ só❧♦ ❞❡❥❛ ❛❢✉❡r❛ ❛❧ 20% ❞❡ ❧❛s ❘❆s s❡❧❡❝❝✐♦♥❛❞❛s✱ ♥♦ t✐❡♥❡ ✐♠♣❛❝t♦

❡♥ ❧❛ ❞é❜✐❧ ❞❡♣❡♥❞❡♥❝✐❛ ❤❡♠✐s❢ér✐❝❛ ❡♥❝♦♥tr❛❞❛✳ ❆✉♠❡♥t❛♥❞♦ ❡st❡ ✉♠❜r❛❧✱ ❞❡ ♠❛♥❡r❛ ❞❡

❝♦♥s✐❞❡r❛r ❘❆s ❝♦♥ ✐♥t❡r✈❛❧♦s ♠❛②♦r❡s ❛❧ 75% ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ t♦t❛❧✱ r❡❞✉❝❡ ❧❛ ♠✉❡s✲

tr❛ ❡♥ ♠ás ❞❡ ✉♥ 45% ② ♠♦❞✐✜❝❛ ❧❡✈❡♠❡♥t❡ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❤❡♠✐s❢ér✐❝❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛

❤❡❧✐❝✐❞❛❞ ✭r❡s✉❧t❛♥❞♦ ❡♥ ✉♥ ≈ ✹✾ ✪ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r ② ≈✻✵ ✪ ❡♥ ❡❧ ♥♦rt❡✮✳ P♦r ❧♦

t❛♥t♦✱ ❧❛ ❝♦♥❞✐❝✐ó♥ ❡s❝♦❣✐❞❛ ♣❛r❛ r❡❛❧✐③❛r ❡❧ ❛♥á❧✐s✐s ♥♦ ❛❢❡❝t❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♥✉❡str♦s

r❡s✉❧t❛❞♦s ② ❛ú♥ ❣❛r❛♥t✐③❛ ✉♥❛ ♠✉❡str❛ ❡st❛❞íst✐❝❛ ❣r❛♥❞❡✳

✺✳✶✳✸✳ ❈❛r❛❝t❡ríst✐❝❛s ❣❧♦❜❛❧❡s ❞❡ ❧❛s r❡❣✐♦♥❡s

❊❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡❧ á♥❣✉❧♦ ♠❡❞✐♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ✭|τc|✮ t✐❡♥❡ ✉♥❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❝❤❛

♣❛r❛ ❛♠❜♦s s✐❣♥♦s ❞❡ ❤❡❧✐❝✐❞❛❞ ✭✈❡r ❧❛ ❋✐❣✉r❛ ✺✳✶✮ ② ♣r❡s❡♥t❛✱ ❛ s✉ ✈❡③✱ ✉♥❛ ❞✐str✐❜✉❝✐ó♥

❞❡ t✐♣♦ ❣❛✉ss✐❛♥❛✳ ❆ ♣❛rt✐r ❞❡ ❡st❡ r❡s✉❧t❛❞♦ ❜✉s❝❛♠♦s✱ ❡♥ ❡st❛ s❡❝❝✐ó♥✱ s✐ ❡①✐st❡ ❛❧❣✉♥❛

r❡❧❛❝✐ó♥ ❡♥tr❡ |τc| ② ❧♦s ♣❛rá♠❡tr♦s ❣❧♦❜❛❧❡s q✉❡ ❝❛r❛❝t❡r✐③❛♥ ❛ ❧❛s ❘❆s✱ ❝♦♠♦ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦✱ ❡❧ t❛♠❛ñ♦ ♠❡❞✐♦ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳

▲❛ ❋✐❣✉r❛ ✺✳✺❛ ♠✉❡str❛ ✉♥❛ ❝♦rr❡❧❛❝✐ó♥ ❞é❜✐❧ ② ✉♥❛ ❣r❛♥ ❞✐s♣❡rs✐ó♥ ❡♥tr❡ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❞❡ ❧❛ ❘❆ ② ❡❧ ✈❛❧♦r ❞❡ |τc|✳ ❊♥t♦♥❝❡s✱ ♠✐❡♥tr❛s q✉❡ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛

♠❡❞✐❛ ❡s ❧❛ ♠✐s♠❛ ♣❛r❛ ❧❛s ❘❆s ❝♦♥ s✐❣♥♦ ❞❡ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈♦ ② ♥❡❣❛t✐✈♦✱ só❧♦ ✈❡♠♦s

✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞é❜✐❧ ❡♥tr❡ ❛♠❜♦s ♣❛rá♠❡tr♦s✳ ❉❡ ❧❛ ♠✐s♠❛ ♠❛♥❡r❛✱ ♥♦ ❡♥❝♦♥tr❛♠♦s

❝♦rr❡❧❛❝✐ó♥ ❡♥tr❡ |τc| ♦ |τc,max| ❝♦♥ ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s

✭t❛♠❛ñ♦ ♠❡❞✐♦ ❞❡ ❧❛ ❘❆✮ ♦ ❧❛ ❡①t❡♥s✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❛❧ ♠♦♠❡♥t♦ ❞❡ ♠á①✐♠❛

❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦✳ P♦r ❡❥❡♠♣❧♦✱ ♣❛r❛ ❧❛ ❝♦rr❡❧❛❝✐ó♥ ❞❡ |τc| ❝♦♥ ❡❧ t❛♠❛ñ♦ ❞❡ ❧❛ ❘❆ ② ❧❛

❡①t❡♥s✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡♥❝♦♥tr❛♠♦s q✉❡ ❧♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❝♦rr❡❧❛❝✐ó♥ s♦♥ ❞❡ 0,0004

② 0,004✱ ❝♦♥ ❞❡s✈✐❛❝✐♦♥❡s ❡stá♥❞❛r r❡s✐❞✉❛❧❡s ❞❡ 14,7 ② 14,4 r❡s♣❡❝t✐✈❛♠❡♥t❡ ✭✈❛❧♦r❡s

s✐♠✐❧❛r❡s ❢✉❡r♦♥ ❡♥❝♦♥tr❛❞♦s ✉s❛♥❞♦ ❡❧ ♣❛rá♠❡tr♦ |τc,max|✮✳ ❆❞❡♠ás✱ ♥✐ |τc| ♥✐ |τc,max|

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✶✶ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

(a)

(b)

❋✐❣✉r❛ ✺✳✺✿ ✭❛✮ ❋❧✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❡♥ ❢✉♥❝✐ó♥ ❞❡ τc ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✶✹✾

❘❆s✳ ▲♦s tr✐á♥❣✉❧♦s r♦❥♦s ② ❛③✉❧❡s r❡♣r❡s❡♥t❛♥ ❧♦s ✈❛❧♦r❡s ♣♦s✐t✐✈♦s ② ♥❡❣❛t✐✈♦s ❞❡ τc✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ✭❜✮ ❋❧✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ |τc| ✭∆|τc|✮ ❛
❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❊♥ r♦❥♦ ✭❛③✉❧✮ ♠♦str❛♠♦s ❡❧ ❛❥✉st❡ ❧✐♥❡❛❧ ♣♦r

❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❞❡ ❧♦s ♣✉♥t♦s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮✳ P❛r❛ ❛♠❜♦s ❛❥✉st❡s

✐♥❝❧✉✐♠♦s ❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❝♦rr❡❧❛❝✐ó♥ ❞❡ P❡❛rs♦♥ ✭ρ✮ ② ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r r❡s✐❞✉❛❧

✭Sres✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✶✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

♠✉❡str❛♥ r❡❧❛❝✐ó♥ ❛❧❣✉♥❛ ❝♦♥ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♠❡❞✐♦ ♦ ❧❛ ❞✉r❛❝✐ó♥ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊♥

❡st❡ ú❧t✐♠♦ ❝❛s♦✱ ❧❛ ❝♦rr❡❧❛❝✐ó♥ ❡s ❞❡ 0,07 ② 0,12 ❝♦♥ ❞❡s✈✐❛❝✐♦♥❡s ❡stá♥❞❛r ❞❡ 14,7 ② 14,6✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❊♥t♦♥❝❡s ❝♦♥❝❧✉✐♠♦s q✉❡ ❡♥ ❡❧ ❝❛s♦ ❞❡ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s✱ ❧♦s ✈❛❧♦r❡s ❞❡ |τc| ② |τc,max|
s♦♥ ✐♥❞❡♣❡♥❞✐❡♥t❡s ❞❡ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛ ❘❆✳ ❊st♦ ✐♠♣❧✐❝❛ q✉❡ ❡❧ ❝♦♥✲

t❡♥✐❞♦ ② ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ t♦rs✐ó♥ ♠❛❣♥ét✐❝❛ ❡♥ ✉♥❛ ❘❆ ♥♦ t✐❡♥❡ ✉♥ ❡❢❡❝t♦ ❝✉❛♥t✐✜❝❛❜❧❡

s♦❜r❡ ♦tr❛s ♣r♦♣✐❡❞❛❞❡s ❣❧♦❜❛❧❡s ❞❡ ❧❛ r❡❣✐ó♥✳

✺✳✷✳ ❆♥á❧✐s✐s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

❉✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❝❛❞❛ ❘❆ ♣✉❡❞❡ t❡♥❡r ❞✐❢❡r❡♥t❡s ♣❡r✜❧❡s ❞❡ ❡✈♦❧✉❝✐ó♥

❞❡ τc(t)✳ ❊♥ ❣❡♥❡r❛❧✱ ❧❛s ✢✉❝t✉❛❝✐♦♥❡s ♣r❡s❡♥t❡s✱ ❝❛✉s❛❞❛s ♣♦r ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❜✐♣♦❧♦s

♣❡q✉❡ñ♦s ❡♥ ❡❧ ❝❡♥tr♦ ❞❡ ❧❛ ❝♦♥✜❣✉r❛❝✐ó♥ ❞❡ ❧❛s ❘❆s✱ ❝❛♠❜✐❛♥ ❧♦❝❛❧♠❡♥t❡ ❧❛ ▲■P✳ ❊st♦s

❜✐♣♦❧♦s s♦♥ ❝♦♥s❡❝✉❡♥❝✐❛ ❞❡ ❧♦s ❢✉❡rt❡s ❣r❛❞✐❡♥t❡s ❡♥ ❧❛ ♣r❡s✐ó♥ ❞❡❧ ♣❧❛s♠❛ ❛ ♥✐✈❡❧❡s

❢♦t♦s❢ér✐❝♦s ✭✈❡r ❧❛ ❙❡❝❝✐ó♥ ✷✳✶✮✳ ❊st❡ ❡❢❡❝t♦ ❡s ♣❛r❝✐❛❧♠❡♥t❡ ✜❧tr❛❞♦ ♣♦r ❧❛ r❡s♦❧✉❝✐ó♥

❡s♣❛❝✐❛❧ ❞❡❧ ▼❉■ ② ♣♦r ❡❧ ♠ét♦❞♦ ❞❡ ❛❥✉st❡ ❞❡ ❧❛ ▲■P ✭❙❡❝❝✐ó♥ ✸✳✺✮✱ ♣❡r♦ ❛✉♥ ❛sí ♣r♦❞✉❝❡

✢✉❝t✉❛❝✐♦♥❡s q✉❡ ♦❝❛s✐♦♥❛❧♠❡♥t❡ ♣✉❡❞❡♥ r❡s✉❧t❛r ❡♥ ✉♥❛ ✐♥✈❡rs✐ó♥ ❡♥ ❡❧ s✐❣♥♦ ❞❡ τc✳ ❊♥

❡st❡ ❝❛♣ít✉❧♦ ❡✈✐t❛♠♦s ❡st❛s ✢✉❝t✉❛❝✐♦♥❡s ❛❧ ❡st✉❞✐❛r ❡❧ ♣❡r✜❧ ❣❧♦❜❛❧ ❞❡ ❧❛s ❧❡♥❣✉❛s ✉s❛♥❞♦

✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc✳

❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✻ ♣r❡s❡♥t❛♠♦s ❡❧ ❛♥á❧✐s✐s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc ❞❡ ❞♦s ❘❆s ❜✐♣♦❧❛r❡s ❝♦♥

t♦rs✐ó♥ ♣♦s✐t✐✈❛✳ ▼♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ t✐❧t φ ✭❧í♥❡❛ ❛♥❛r❛♥❥❛❞❛✮✱ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦

✭✈✐♦❧❡t❛✮✱ τ ✭✈❡r❞❡✮ ② τc ✭♠❛❣❡♥t❛✮ ❝❛❧❝✉❧❛❞♦s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❝❛❞❛ ❘❆✳ ❊♥

❡st♦s ❝❛s♦s✱ ❡❧ s✐❣♥♦ ❞❡ τc ❡stá ❜✐❡♥ ❞❡✜♥✐❞♦ ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ✭❋✐❣✉r❛ ✺✳✻❜✱❞✮ ②

❝♦rr❡s♣♦♥❞❡ ❛ t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ✭✈❡r ❧❛ ❋✐❣✉r❛ ✸✳✻❛✮✳ ❊♥ ❛♠❜❛s r❡❣✐♦♥❡s

✈❡♠♦s ✉♥❛ ❡✈♦❧✉❝✐ó♥ ❝♦♥t✐♥✉❛ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ▲■P ② ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❛ ♠❡❞✐❞❛ q✉❡

❧❛s ❧❡♥❣✉❛s s❡ ❝♦♥tr❛❡♥✳ ▲❛ ❘❆ ✽✾✶✸ ✭❋✐❣✉r❛ ✺✳✻❜✮ t✐❡♥❡ ✉♥❛ ✈❛r✐❛❝✐ó♥ ♣❡q✉❡ñ❛ ❞❡❧ t✐❧t

❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♣❛r❛ ❧✉❡❣♦ ❡st❛❜✐❧✐③❛rs❡ rá♣✐❞❛♠❡♥t❡ ✉♥❛ ✈❡③ ❛❧❝❛♥③❛❞♦ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ♠á①✐♠♦✳ ❊❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ♣✉❡❞❡ ✈❡rs❡ ❡♥

❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ τ ② τc ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✻❜✳ ❊❧ ❜❛❥♦ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛

❘❆ ✽✼✺✸ ✐♠♣❧✐❝❛ q✉❡ τc ≈ τ ✭❋✐❣✉r❛ ✺✳✻❞✮✳ ❋✐♥❛❧♠❡♥t❡✱ ❡❧ ✈❛❧♦r ❞❡ |τc| ❡s s✐❣♥✐✜❝❛t✐✈♦

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✶✸ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

Magnetic Flux

Magnetic Flux

❋✐❣✉r❛ ✺✳✻✿ ✭❛✱❝✮ ▼❛❣♥❡t♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛s ❘❆s ✽✾✶✸ ② ✽✼✺✸ ♦❜s❡r✈❛❞❛s

♣♦r ❡❧ ▼❉■✳ ▲❛s ③♦♥❛s ❡♥ ♥✐✈❡❧❡s ❞❡ r♦❥♦ ② ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦

♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ♥❡❣❛t✐✈♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲♦s ❝♦♥t♦r♥♦s ❝♦♥t✐♥✉♦s ✭❞✐s❝♦♥t✐♥✉♦s✮

❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮ ✐♥❞✐❝❛♥ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧

❛ ❧❛ ❢♦tós❢❡r❛ ❝♦♥ ✈❛❧♦r❡s ❞❡ 100G✱ 500G✱ 1000G ② 1500G✳ ❊♥ ❡st♦s ♣❛♥❡❧❡s✱ ❧♦s ❡❥❡s

❤♦r✐③♦♥t❛❧❡s ✭x✮ ② ✈❡rt✐❝❛❧❡s ✭y✮ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛s ❞✐r❡❝❝✐♦♥❡s ❡st❡✕♦❡st❡ ② s✉r✕♥♦rt❡ ❡♥

❡❧ ❙♦❧✳ ▲♦s á♥❣✉❧♦s θ✱ φ ② τ ❡stá♥ ❞❡✜♥✐❞♦s ❛ ♣❛rt✐r ❞❡ ❡st♦s ❡❥❡s ② ❧❛ ❞✐r❡❝❝✐ó♥ ❛♣r♦①✐♠❛❞❛

❞❡ ❧❛ ▲■P ✭✐♥❞✐❝❛❞❛ ❝♦♥ ✉♥❛ ❧í♥❡❛ ♥❡❣r❛ ❝♦♥t✐♥✉❛✮✳ ✭❜✱❞✮ ❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦

✭❧í♥❡❛ ✈✐♦❧❡t❛✮✱ ❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s τ ✭❧í♥❡❛ ✈❡r❞❡✮✱ ❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡❣✐❞♦

τc ✭❧í♥❡❛ ♠❛❣❡♥t❛✮ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φ ✭❧í♥❡❛ ❛♥❛r❛♥❥❛❞❛✮ ♣❛r❛ ❧❛s ❘❆s ❞❡ ❧♦s ♣❛♥❡❧❡s ✭❛✮ ②

✭❝✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊❧ ❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ τc(t) ❡stá ❣r❛✜❝❛❞♦ ❝♦♥ ✉♥❛ r❡❝t❛ ♥❡❣r❛ ❝♦♥t✐♥✉❛✳

▲❛s ❞♦s ❧í♥❡❛s ❞✐s❝♦♥t✐♥✉❛s ✈❡rt✐❝❛❧❡s ♥❡❣r❛s ♠✉❡str❛♥ ❡❧ ♣❡rí♦❞♦ t♦t❛❧ ❞❡ ❡♠❡r❣❡♥❝✐❛ ②

❧❛s ❧í♥❡❛s ♣úr♣✉r❛s ♠✉❡str❛♥ ❡❧ ✐♥t❡r✈❛❧♦ ❡♥ ❡❧ q✉❡ r❡❛❧✐③❛♠♦s ❡❧ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s

♠í♥✐♠♦s ❞❡ τc ✭❡♥ ✭❜✮ ❧♦s t✐❡♠♣♦s ✜♥❛❧❡s ② ❡♥ ✭❞✮ ❧♦s ✐♥✐❝✐❛❧❡s ❡stá♥ s✉♣❡r♣✉❡st♦s✮✳ ▲❛

❧í♥❡❛ ♣✉♥t❡❛❞❛ ❛♥❛r❛♥❥❛❞❛ ✈❡rt✐❝❛❧ ❝♦rr❡s♣♦♥❞❡ ❛❧ ♠♦♠❡♥t♦ ❡♥ ❡❧ q✉❡ ❧❛ ❘❆ s❡ ❡♥❝✉❡♥tr❛

❡♥ ❡❧ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✶✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

♣❛r❛ ❛♠❜❛s ❘❆s ② t♦♠❛ ✈❛❧♦r❡s tí♣✐❝♦s ❛ ❧♦s ♦❜s❡r✈❛❞♦s ❡♥ ❡❧ r❡st♦ ❞❡ ❧❛s ❘❆s ❡st✉❞✐❛❞❛s

✭✷✵ ✕ ✺✵ ◦✱ ✈❡r ❧❛ ❋✐❣✉r❛ ✺✳✶❛✮✳

P❛r❛ ❡st✉❞✐❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ✭τc✮✱ ❞❡✜♥✐♠♦s ❡❧ ✐♥t❡r✈❛❧♦ ❞❡

t✐❡♠♣♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❝♦♠♦ [tstart, tFmax]✱ ❡♥tr❡ ❡❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❡❧ ♠♦✲

♠❡♥t♦ ❡♥ ❡❧ q✉❡ ❧❛ ❘❆ ❛❧❝❛♥③❛ ❡❧ ✢✉❥♦ ♠á①✐♠♦✳ ❉❡✜♥✐♠♦s [tinit, tend] ❛❧ ✐♥t❡r✈❛❧♦ ❞❡ ❧❛

❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s ❞✉r❛♥t❡ ❡❧ ❝✉❛❧ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s♦♥ ❝❧❛r❛s ② ❧❛ ▲■P

t✐❡♥❡ ✉♥❛ ❡✈♦❧✉❝✐ó♥ s✉❛✈❡✳ ❉❡♥tr♦ ❞❡ ❡st❡ ✐♥t❡r✈❛❧♦ ❝❛❧❝✉❧❛♠♦s ❧♦s ♣❛rá♠❡tr♦s ❞❡r✐✈❛❞♦s

❞❡ τc ✭♣♦r ❡❥❡♠♣❧♦✱ τc ② τc,max✮✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✻ ✭♣❛♥❡❧❡s ❜ ② ❞✮ ✐♥❞✐❝❛♠♦s ❛♠❜♦s ✐♥✲

t❡r✈❛❧♦s ❡♥tr❡ ❧❛s ❧í♥❡❛s ✈❡rt✐❝❛❧❡s ♣✉♥t❡❛❞❛s✱ [tinit, tend] ❡♥ ❝♦❧♦r ♥❡❣r♦ ② [tstart, tFmax] ❡♥

❝♦❧♦r ♣úr♣✉r❛ ✭❛❧ ✐❣✉❛❧ q✉❡ ❧♦ ❤✐❝✐♠♦s ❡♥ ❧❛s ❋✐❣✉r❛s ✸✳✽ ✕ ✸✳✶✷✮✳ ▲❛s ♠❡❞✐❝✐♦♥❡s ❡rró♥❡❛s

❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♦❜t❡♥✐❞❛s ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ♦ ❧❛s ✢✉❝t✉❛❝✐♦♥❡s ✐♠♣♦rt❛♥t❡s

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

❡♠❡r❣❡♥❝✐❛✮ ❤❛❝❡ q✉❡ ❡❧ ✐♥t❡r✈❛❧♦ [tinit, tend] ♣✉❡❞❛ s❡r ♠❡♥♦r q✉❡ ❧❛ ❞✉r❛❝✐ó♥ ❞❡ t♦❞❛ ❧❛

❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆✿

tstart ≤ tinit < tend ≤ tFmax . ✭✺✳✶✮

❈❛r❛❝t❡r✐③❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛

✉s❛♥❞♦ ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ τc ❞❡♥tr♦ ❞❡❧ ✐♥t❡r✈❛❧♦ [tinit, tend] ❞❛❞♦ ♣♦r✿

τc,L.fit(t) = a+ b t, ✭✺✳✷✮

❡♥ ❞♦♥❞❡ a ② b s♦♥ ❧❛ ♦r❞❡♥❛❞❛ ❛❧ ♦r✐❣❡♥ ② ❧❛ ♣❡♥❞✐❡♥t❡ ❞❡❧ ❛❥✉st❡ ❧✐♥❡❛❧✳ ❊♥ ❧❛ ❋✐❣✉✲

r❛ ✺✳✻❜✱❞ ♠♦str❛♠♦s ❣rá✜❝❛♠❡♥t❡ ✭❝♦♥ ❧í♥❡❛s ❝♦♥t✐♥✉❛s ♥❡❣r❛s✮ ❡❥❡♠♣❧♦s ❞❡ ❡st❡ ❛❥✉st❡

♣❛r❛ ❧❛s ❞♦s r❡❣✐♦♥❡s ♠♦str❛❞❛s✳ ❍❡♠♦s ✐♥t❡♥t❛❞♦ ❛❥✉st❡s ♣♦❧✐♥♦♠✐❛❧❡s ❞❡ s❡❣✉♥❞♦ ♦r❞❡♥

s✐♥ ♦❜t❡♥❡r ♠❛②♦r ✐♥❢♦r♠❛❝✐ó♥✳ ❚♦❞♦s ❧♦s ❞❡♠ás ✈❛❧♦r❡s ❞❡r✐✈❛❞♦s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc✱

❝♦♠♦ ❡❧ ♣r♦♠❡❞✐♦ ② ❡❧ ♠á①✐♠♦ ✭τc ② τc,max✮✱ t❛♠❜✐é♥ s❡ ❝❛❧❝✉❧❛♥ ❞❡♥tr♦ ❞❡ ❡st❡ ✐♥t❡r✈❛❧♦✳

❍❛st❛ ❛❤♦r❛ ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ❧❛s ❘❆s ❡stá ❞❡✜♥✐❞♦ ♣♦r ❡❧ ✈❛❧♦r

♣r♦♠❡❞✐♦ ❞❡ τc✱ s✐❡♥❞♦ ♣♦s✐t✐✈❛ ♣❛r❛ τc > 0 ② ♥❡❣❛t✐✈❛ ♣❛r❛ τc < 0✳ ◆✉❡str♦ ♦❜❥❡t✐✈♦

❛❤♦r❛ ❡s ❝♦♠♣❛r❛r ❧❛ ❡✈♦❧✉❝✐ó♥ t❡♠♣♦r❛❧ ❞❡ ❧❛s ❧❡♥❣✉❛s ✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧ s✐❣♥♦

❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞✱ ♣❛r❛ ❧♦ ❝✉❛❧ ❡st✉❞✐❛♠♦s ❡❧ ♣❡r✜❧ ❞❡ |τc| ✭♠❛♥t❡♥✐❡♥❞♦ ❧❛ ✐♥❢♦r♠❛❝✐ó♥ ❞❡❧

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✶✺ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❝♦♥ ❝♦❧♦r❡s r♦❥♦ ② ❛③✉❧ ❡♥ ❧❛s ✜❣✉r❛s ♠♦str❛❞❛s✮✳ P❛r❛ ❡❧❧♦ ❞❡✜♥✐♠♦s

❛ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ |τc| ❝♦♠♦✿

∆|τc| = sign(τc) b (tFmax − tstart) . ✭✺✳✸✮

❊♥ ❧✉❣❛r ❞❡ ✉t✐❧✐③❛r ❞✐r❡❝t❛♠❡♥t❡ ❧❛ ♣❡♥❞✐❡♥t❡ b✱ ✉s❛♠♦s ❧❛ ✈❛r✐❛❝✐ó♥ ❞❛❞❛ ♣♦r ∆|τc|✱
q✉❡ ♣❡r♠✐t❡ ✐❞❡♥t✐✜❝❛r s✐ ❧❛s ❧❡♥❣✉❛s s♦♥ ♠ás ✐♥t❡♥s❛s ❛❧ ♣r✐♥❝✐♣✐♦ ♦ ❛❧ ✜♥❛❧ ❞❡ ❧❛ ❡✈♦❧✉✲

❝✐ó♥✳ ❊st♦ ❡s ❛sí ✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧ s✐❣♥♦ ❞❡ τc✱ ♣♦r ❧♦ q✉❡ ∆|τc| ❡s ✉♥ ♣❛rá♠❡tr♦

❝♦♠♣❛r❛❜❧❡ ❡♥tr❡ ❧❛s ❞✐st✐♥t❛s ❘❆s✳

P♦❞❡♠♦s r❡♣❡t✐r ❡❧ ♠✐s♠♦ ♣r♦❝❡❞✐♠✐❡♥t♦ ❛❧ ❛❥✉st❛r ❞❡ ❢♦r♠❛ ❧✐♥❡❛❧ τc ❞❡♥tr♦ ❞❡❧

✐♥t❡r✈❛❧♦ [tinit, tend]✱ ♣❡r♦ r❡❞❡✜♥✐❡♥❞♦ ❛ τc ❝♦♠♦ ❢✉♥❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♥♦r♠❛❧✐③❛❞♦

F/Fmax ✭❡♥ ❞♦♥❞❡ Fmax ❡s ❡❧ ✢✉❥♦ ♠á①✐♠♦ ❡♥ tFmax✮✳ ❘❡❛❧✐③❛♠♦s ❞❡ ❡st❛ ♠❛♥❡r❛ ❡❧

❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ τc(F/Fmax)✿

τc,L.fit(F ) = a′ + b′ F/Fmax , ✭✺✳✹✮

❡♥ ❞♦♥❞❡ a′ ② b′ s♦♥ ❧❛ ♦r❞❡♥❛❞❛ ❛❧ ♦r✐❣❡♥ ② ❧❛ ♣❡♥❞✐❡♥t❡ ❞❡ ❡st❡ ♥✉❡✈♦ ❛❥✉st❡ ❡♥tr❡ ❧♦s

t✐❡♠♣♦s tinit ② tend✳ ❊♥ ❡st❡ ❝❛s♦ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ |τc| q✉❡❞❛ r❡❞❡✜♥✐❞❛ ❝♦♠♦✿

∆|τc| = sign(τc) b
′ . ✭✺✳✺✮

❉❡ ❡st❛ ♠❛♥❡r❛ r❡♠♦✈❡♠♦s ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡ ∆|τc| ❝♦♥ ❧❛ t❛s❛ ② ❧❛ ❞✉r❛❝✐ó♥ ❞❡ ❧❛

❡♠❡r❣❡♥❝✐❛✱ ♦❜t❡♥✐❡♥❞♦ ❛sí ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ♣❛rá♠❡tr♦s ♠ás ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ❝♦♠♣❛r❛r

❡♥tr❡ ❧❛s ❞✐st✐♥t❛s ❘❆s✳ ▲❛ ❝❛♥t✐❞❛❞ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❢♦♥❞♦ ✭r❡♠❛♥❡♥t❡ ❡♥ ❡❧ s♦❧

q✉✐❡t♦✮ ✈❛rí❛ ♠✉❝❤♦ ❞❡♣❡♥❞✐❡♥❞♦ ❞❡❧ ❝❛s♦ ❡st✉❞✐❛❞♦✱ ❞❡ ♠♦❞♦ q✉❡ ❡❧ ✐♥t❡r✈❛❧♦ ❞❡ t✐❡♠♣♦

[tinit, tend] ♣✉❡❞❡ ❝♦rr❡s♣♦♥❞❡r ❛ ✉♥❛ ❢r❛❝❝✐ó♥ ♠✉② ✈❛r✐❛❜❧❡ ❞❡ [tstart, tFmax]✳ ❉❛❞♦ q✉❡

❧❛ ❞❡✜♥✐❝✐ó♥ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✺✳✺✮ s✉♣♦♥❡ q✉❡ τc(t) ♠❛♥t✐❡♥❡ ❧❛ ♠✐s♠❛ t❡♥❞❡♥❝✐❛ ❞✉r❛♥t❡

t♦❞❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆ ② q✉❡ F/Fmax ✈❛rí❛ ❡♥ ❡❧ ✐♥t❡r✈❛❧♦ [0, 1]✱ ❝♦♥t✐♥✉❛♠♦s

r❡❛❧✐③❛♥❞♦ ❡❧ ❝á❧❝✉❧♦ ❞❡ ∆|τc| ❞❡♥tr♦ ❞❡❧ ✐♥t❡r✈❛❧♦ [tstart, tFmax] ♣❛r❛ ♠✐♥✐♠✐③❛r ❡❧ ❡❢❡❝t♦

❞❡ ❧❛s ♣❡rt✉r❜❛❝✐♦♥❡s ♣r❡s❡♥t❡s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ❘❆✳

❊♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✺✳✺✮ ✐♥❝❧✉✐♠♦s ❡❧ s✐❣♥♦ ❞❡ τc ❡♥ ❧❛ ❞❡✜♥✐❝✐ó♥ ❞❡ ∆|τc| ♣❛r❛ ❝♦♠♣❛r❛r

❞✐r❡❝t❛♠❡♥t❡ ❧❛s ❘❆s ❝♦♥ s✐❣♥♦ ♣♦s✐t✐✈♦ ② ♥❡❣❛t✐✈♦ ❞❡ τc✳ ❊♥t♦♥❝❡s✱ ♣❛r❛ ❛♠❜♦s ❝❛s♦s✱

❋❡❜r❡r♦ ✷✵✶✼ ✶✶✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❝✉❛♥❞♦ ∆|τc| > 0 ❧❛s ❧❡♥❣✉❛s s♦♥ ♠ás ❞é❜✐❧❡s ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❡ ✐♥❝r❡♠❡♥t❛♥

s✉ ✐♥✢✉❡♥❝✐❛ ❛❧ ❛❝❡r❝❛rs❡ ❛❧ ✢✉❥♦ ♠á①✐♠♦❀ s✐❡♥❞♦ ❞❡ ❢♦r♠❛ ♦♣✉❡st❛ ❝✉❛♥❞♦ ∆|τc| < 0✳ ▲❛

❋✐❣✉r❛ ✺✳✻ ♠✉❡str❛ ❞♦s ❡❥❡♠♣❧♦s ❝♦♥ ❡❧ ♠✐s♠♦ s✐❣♥♦ ❞❡ τc ♣❡r♦ s✐❣♥♦s ♦♣✉❡st♦s ❡♥ ∆|τc|✱
❞♦♥❞❡ ∆|τc| = −54◦ ♣❛r❛ ❧❛ ❘❆ ✽✾✶✸ ② ∆|τc| = 28◦ ♣❛r❛ ❧❛ ❘❆ ✽✼✺✸✳

✺✳✷✳✶✳ P❡r✜❧ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❆❧ ✐❣✉❛❧ q✉❡ ❝♦♠♦ ♦❝✉rr❡ ♣❛r❛ |τc|✱ ❡♥❝♦♥tr❛♠♦s ✉♥❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❝❤❛ ♣❛r❛ ❧❛

✈❛r✐❛❝✐ó♥ ❞❡✜♥✐❞❛ ♣♦r ∆|τc| ✭❡❝✉❛❝✐ó♥ ✭✺✳✺✮✮✳ ❘❡❛❧✐③❛♥❞♦ ✉♥ ❛♥á❧✐s✐s s✐♠✐❧❛r ❛❧ ❞❡ ❧❛s

❙❡❝❝✐♦♥❡s ✺✳✶✳✷ ② ✺✳✶✳✸ ♥♦ ❡♥❝♦♥tr❛♠♦s ♥✐♥❣✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❝❧❛r❛ ❡♥tr❡ ∆|τc| ② ❧❛s ❝❛✲

r❛❝t❡ríst✐❝❛s ❣❧♦❜❛❧❡s ❞❡ ❧❛s ❘❆s ✭❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✺❜ ♠♦str❛♠♦s ❧❛ r❡❧❛❝✐ó♥ ❝♦♥ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ♠á①✐♠♦✮✳ ❉❡ ❧❛ ♠✐s♠❛ ❢♦r♠❛✱ só❧♦ ✈❡♠♦s ✉♥❛ ❞é❜✐❧ ❞❡♣❡♥❞❡♥❝✐❛ ❡♥tr❡ ∆|τc|
② ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ❧♦s ✈❛❧♦r❡s ❞❡ τc ♦ τc,max ✭❋✐❣✉r❛ ✺✳✼✮✳

❊s ✐♠♣♦rt❛♥t❡ r❡s❛❧t❛r q✉❡ ∆|τc| ❡stá ❞✐str✐❜✉✐❞❛ ❞❡ ♠❛♥❡r❛ ♥♦r♠❛❧ ✭✈❡r ❧❛ ❋✐❣✉✲

r❛ ✺✳✽✮✳ ❊♥ ❡❢❡❝t♦✱ ❛❧ ❛♣❛rt❛r ❧♦s ♣✉♥t♦s ❡①t❡r✐♦r❡s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ∆|τc| < −80◦✱

❧❛ ❞✐str✐❜✉❝✐ó♥ s❡ ✈✉❡❧✈❡ s✐♠étr✐❝❛ r❡s♣❡❝t♦ ❛ s✉ ♠❡❞✐❛♥❛✳ ▲♦ ♠ás ♥♦t♦r✐♦ ❞❡ ❡st❛ ❞✐s✲

tr✐❜✉❝✐ó♥ ❡s ❡❧ ♣✐❝♦ ❛♥❣♦st♦ ✉❜✐❝❛❞♦ ❡♥ ❡❧ ✈❛❧♦r ♠❡❞✐♦✱ q✉❡ ❡s tr❡s ✈❡❝❡s ♠ás ❛❧t♦ q✉❡

❧❛s ✢✉❝t✉❛❝✐♦♥❡s ❡s♣❡r❛❞❛s ♣❛r❛ ✉♥❛ ❞✐str✐❜✉❝✐ó♥ ♥♦r♠❛❧✳ ▲❛s ✢✉❝t✉❛❝✐♦♥❡s ❡st❛❞íst✐❝❛s

❛❧r❡❞❡❞♦r ❞❡ ❡st❡ ♣✐❝♦ ❡stá♥ ❡st✐♠❛❞❛s ❝♦♠♦
√
N ≈ ±3✱ ❡♥ ❞♦♥❞❡ N ❡s ❡❧ ♥ú♠❡r♦ ❞❡

❝❛s♦s ♣♦r ✐♥t❡r✈❛❧♦✳ ❊st♦ ♣❛r❡❝❡ s✉❣❡r✐r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ✉♥ ♠❡❝❛♥✐s♠♦ q✉❡ ❢❛✈♦r❡❝❡ ❧❛

❢♦r♠❛❝✐ó♥ ❞❡ ❘❆ ❝♦♥ ❡st❡ ✈❛❧♦r ♠❡❞✐♦ ❞❡ ∆|τc|✱ ♠✐❡♥tr❛s q✉❡ ♦tr♦ ♠❡❝❛♥✐s♠♦ ♣r♦❞✉❝❡

✉♥❛ ❞✐str✐❜✉❝✐ó♥ ♥♦r♠❛❧ ❞❡ ∆|τc|✳ ❊❧ ♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛❞♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ s✐♠♣❧❡ ❝♦♥

t♦rs✐ó♥ ✉♥✐❢♦r♠❡ ✭✈❡r ❙❡❝❝✐ó♥ ✷✳✸✮✱ ❡stá ❝❡r❝❛♥♦ ❛ ❡st❡ ✈❛❧♦r ❞❡ ∆|τc|❀ s✐♥ ❡♠❜❛r❣♦✱ ♥♦

❡①♣❧✐❝❛ ♣♦r q✉❡ ❡st❡ ✈❛❧♦r ❞❡❜❡ s❡r ❡❧ ♠ás ❢r❡❝✉❡♥t❡✳

✺✳✷✳✷✳ ❈♦♠♣❛r❛❝✐ó♥ ❝♦♥ ♠♦❞❡❧♦s ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡

❊♥ ❧❛s ❙❡❝❝✐♦♥❡s ✸✳✹ ② ✸✳✺✱ ✉t✐❧✐③❛♠♦s ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦

❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ♣❛r❛ ♦❜t❡♥❡r ✉♥ ♠ét♦❞♦ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❞❡ ♠❛♥❡r❛ ❝✉❛♥t✐t❛t✐✈❛

❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❆ ♣❛rt✐r ❞❡ ❡st❡ ♠♦❞❡❧♦

♣♦❞❡♠♦s r❡❧❛❝✐♦♥❛r✱ ✉s❛♥❞♦ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✷✵✮✱ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt,0 ❝♦♥ ❡❧ á♥❣✉❧♦ ❞❡

❧❛s ❧❡♥❣✉❛s τc ♦❜t❡♥✐❞♦ ❞❡ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s✳ ❊♥ ❧❛ ❙❡❝❝✐ó♥ ✹✳✶ ❡♥❝♦♥tr❛♠♦s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✶✼ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

(a)

(b)

❋✐❣✉r❛ ✺✳✼✿ ✭❛✮ ❈♦rr❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ á♥❣✉❧♦ ❝♦rr❡❣✐❞♦ ♠❡❞✐♦ ❞❡ τ ✭τc✮ ② ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡

|τc| ✭∆|τc|✮ ❝❛❧❝✉❧❛❞♦s ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✶✹✾ ❘❆s✳ ✭❜✮ ❈♦rr❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧

á♥❣✉❧♦ ❝♦rr❡❣✐❞♦ ♠á①✐♠♦ ❞❡ τ ✭τc,max✮ ② ❡❧ ✈❛❧♦r ❞❡ ∆|τc|✳ ▲♦s ❛❥✉st❡s ❧✐♥❡❛❧❡s ♠♦str❛❞♦s

❡♥ r♦❥♦ ✭❛③✉❧✮ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❘❆s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮✳ P❛r❛ t♦❞♦s ❧♦s

❛❥✉st❡s ❞❡ ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ✐♥❝❧✉✐♠♦s ❡❧ ✈❛❧♦r ❞❡❧ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❝♦rr❡❧❛❝✐ó♥ ✭ρ✮ ② ❧❛

❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r r❡s✐❞✉❛❧ ✭Sres✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✶✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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❋✐❣✉r❛ ✺✳✽✿ ❍✐st♦❣r❛♠❛ ❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ |τc| ✭∆|τc|✮ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✶✹✾

❘❆s✳ ▲❛ ❧í♥❡❛ ♥❡❣r❛ ✈❡rt✐❝❛❧ ♠✉❡str❛ ❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ ∆|τc|✳ ❆❥✉st❛♠♦s ❧❛ ❞✐str✐❜✉❝✐ó♥

✉s❛♥❞♦ ✉♥❛ ❢✉♥❝✐ó♥ ●❛✉ss✐❛♥❛ ❝♦♥ ❡❧ ♠ét♦❞♦ ❞❡ ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ✭❝✉r✈❛ ❡♥ ❛③✉❧ ❝❧❛r♦✮✳

q✉❡ ❡st❡ ♣❛rá♠❡tr♦ Nt,0 ❝❛r❛❝t❡r✐③❛ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡♥ ❧❛s ❘❆s✳ ❊♥ ❡❧ ❤✐st♦❣r❛♠❛

❞❡ ❧❛ ❋✐❣✉r❛ ✺✳✶❛ ✈❡♠♦s q✉❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ τc ❡stá ❝♦♥t❡♥✐❞❛ ❡♥ ❡❧ r❛♥❣♦ [0◦, 70◦]✳ ▲❛

✈❛r✐❛❝✐ó♥ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❞❡❧ ♣❛rá♠❡tr♦ |Nt,0| s❡ ❡♥❝✉❡♥tr❛ ❞❡♥tr♦ ❞❡❧ ✐♥t❡r✈❛❧♦ [0, 1,3]

♣❛r❛ ❧❛s ✶✹✾ ❘❆s ❜✐♣♦❧❛r❡s ❡st✉❞✐❛❞❛s✳

❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✾❜ ♠♦str❛♠♦s ❧♦s ♠✐s♠♦s ♣❛rá♠❡tr♦s ❡st✉❞✐❛❞♦s ♣❛r❛ ❧❛s ♦❜s❡r✈❛✲

❝✐♦♥❡s ✭✈❡r ❧❛ ❋✐❣✉r❛ ✺✳✻❜✱❝✮✱ ❛q✉í ❞❡r✐✈❛❞♦s ❞❡❧ ♠♦❞❡❧♦ ❝♦♥ Nt,0 = 0,5✳ ▲❛ ❝♦rr❡❝❝✐ó♥

❡♥tr❡ τ ② τc ❡s r❡❧❛t✐✈❛♠❡♥t❡ ✐♠♣♦rt❛♥t❡ ❞❡❜✐❞♦ ❛ q✉❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣r❡s❡♥t❡ ❡♥ ❧❛s

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

r♦t❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦✱ ❞❡ ♠♦❞♦ q✉❡ ❡❧ t✐❧t φ t✐❡♥❡ ✉♥❛ ❢✉❡rt❡ ✈❛r✐❛❝✐ó♥ ❛ ♠❡❞✐❞❛ q✉❡ ❡❧ t✉❜♦

❞❡ ✢✉❥♦ ❡♠❡r❣❡✳ ❚❛♠❜✐é♥ ✐♠♣❧✐❝❛ q✉❡ τc ❞❡❝r❡❝❡ ❧❡✈❡♠❡♥t❡ ❝♦♥ ❡❧ t✐❡♠♣♦ ✭✐♥❝❧✉s♦ ❝✉❛♥❞♦

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✶✾ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❋✐❣✉r❛ ✺✳✾✿ ✭❛✮ ▼❛❣♥❡t♦❣r❛♠❛ s✐♥tét✐❝♦ ❞❡❧ ♠♦❞❡❧♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦

t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ② ✉♥✐❢♦r♠❡✱ Nt,0 = 0,5✱ ② ✉♥❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❧♦s r❛❞✐♦s ❞❡❧

t♦r♦✐❞❡ ❞❡ a/R = 0,4✳ ▲❛ ▲■P ❡stá ✐♥❞✐❝❛❞❛ ❝♦♥ ✉♥❛ ❧í♥❡❛ r❡❝t❛ ♥❡❣r❛✳ ▲❛s ❧í♥❡❛s ❝♦♥t✐♥✉❛s

✭❞✐s❝♦♥t✐♥✉❛s✮ s♦♥ ❝♦♥t♦r♥♦s ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ♣♦s✐t✐✈❛ ✭♥❡❣❛t✐✈❛✮ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

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

❛❧ ✶✵✱ ✷✺✱ ✺✵ ② ✼✺ ✪ ❞❡ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛①✐❛❧ ✭Bmax = 1000 ●✮✳ ▲❛s

r❡❣✐♦♥❡s ❡♥ r♦❥♦ ② ❛③✉❧ ✐♥❞✐❝❛♥ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ✭❜✮

❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ❝♦♥t✐♥✉❛ ✈✐♦❧❡t❛✮✱ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s τ ✭✈❡r❞❡✮✱

s✉ ✈❛❧♦r ❝♦rr❡❣✐❞♦ τc ✭♠❛❣♥❡t❛✮ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φ ✭❛♥❛r❛♥❥❛❞❛✮✱ ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❞❡ ✉♥

t✉❜♦ ❞❡ ✢✉❥♦ t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ✭❝✮ ▼❛❣♥❡t♦❣r❛♠❛ ♦❜t❡♥✐❞♦ ❝♦♥ ❧❛ s✐♠✉❧❛❝✐ó♥

♥✉♠ér✐❝❛ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ✭❈❤❡✉♥❣ ❡t ❛❧✳✱ ✷✵✶✵✱ ✈❡r ❧❛ ❙❡❝❝✐ó♥ ✷✳✷❀✮✳ ✭❞✮ ❈♦♠♦ ❡♥

❡❧ ♣❛♥❡❧ ✭❜✮ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❝❛❞❛ ✈❛r✐❛❜❧❡ ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛✳ ❊❧

❛❥✉st❡ ❧✐♥❡❛❧ ❡stá ❧✐♠✐t❛❞♦ ❛ ❧♦s ♣❛s♦s ❞❡ t✐❡♠♣♦ ❡♥tr❡ ❧❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ ✈❡rt✐❝❛❧ ✭❛③✉❧✮

② ❧❛ ❧í♥❡❛ ♥❡❣r❛ ✈❡rt✐❝❛❧✱ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✷✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

Magnetic Flux

Magnetic Flux

(a) (b)

(d)(c)

❋✐❣✉r❛ ✺✳✶✵✿ ✭❛✮✕✭❝✮ ▼❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ♦❜t❡♥✐❞♦s ❡♥ ✉♥ ♣❛s♦ ❞❡ t✐❡♠♣♦ ✐♥t❡r♠❡✲

❞✐♦ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡

② ❞✐st✐♥t♦s ✈❛❧♦r❡s ❞❡ ❧♦s ♣❛rá♠❡tr♦s h ✭✈❡r ❧❛ ❙❡❝❝✐ó♥ ✷✳✸✮✳ ▲♦s ♠❛❣♥❡t♦❣r❛♠❛s ❝♦rr❡s✲

♣♦♥❞❡♥ ❛ ❞♦s ❝❛s♦s ❡①tr❡♠♦s ❞❡❧ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ r❛❞✐❛❧ ✭Nt(ρ) ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✹✮✮

❝♦♥ h = 1 ② h = −1✳ ✭❜✮✕✭❞✮ ❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ❝♦♥t✐♥✉❛ ✈✐♦❧❡t❛✮✱ ❞❡❧

á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s τ ✭✈❡r❞❡✮✱ s✉ ✈❛❧♦r ❝♦rr❡❣✐❞♦ τc ✭♠❛❣♥❡t❛✮ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φ

✭❛♥❛r❛♥❥❛❞❛✮ ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❝♦♠♣❧❡t❛ ❞❡ ❧♦s ♠♦❞❡❧♦s ❞❡ ❧♦s ♣❛♥❡❧❡s ❛ ②

❝✳

❧❛ t♦rs✐ó♥ ❡s ✉♥✐❢♦r♠❡✮✳ ❈❛♠❜✐❛♥❞♦ ❡❧ ✈❛❧♦r ❞❡ Nt,0 ❡♥ ❡❧ ♠♦❞❡❧♦ ♣♦❞❡♠♦s ❡①♣❧♦r❛r ❧♦s

❞✐st✐♥t♦s ✈❛❧♦r❡s ♠❡❞✐♦s ❞❡ τc ❝♦rr♦❜♦r❛♥❞♦ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❡st❡ ♣❛rá♠❡tr♦ ❡♥ ❝❛s♦s

♦❜s❡r✈❛❞♦s ✭❋✐❣✉r❛ ✺✳✶✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❛❧ ❤❛❝❡r❧♦ só❧♦ ♣♦❞❡♠♦s ✐♥t❡r♣r❡t❛r ❝✉❛❧✐t❛t✐✈❛✲

♠❡♥t❡ ✉♥❛ ❢r❛❝❝✐ó♥ ❞❡ ❧❛s ❘❆s ♦❜s❡r✈❛❞❛s ② ❡s ♥❡❝❡s❛r✐♦ ❡①t❡♥❞❡r ❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡ ♣❛r❛

♣♦❞❡r ✐♥t❡r♣r❡t❛r ✉♥❛ ♠❛②♦r ✈❛r✐❡❞❛❞ ❞❡ ♣❡♥❞✐❡♥t❡s ❞❡ τc ✭❋✐❣✉r❛ ✺✳✽✮✳

▲❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛ ♣r❡s❡♥t❛❞❛ ❛♥t❡r✐♦r♠❡♥t❡ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✷✳✷ ♥♦s ♣❡r♠✐t❡ ❡st✉✲

❞✐❛r ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡ ❧❛ ❝♦♥✈❡❝❝✐ó♥ s♦❜r❡ ❡❧ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ♦❜s❡r✈❛❞♦ ❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡ τc✳ ▲❛ ❝♦♥❞✐❝✐ó♥ ✐♥✐❝✐❛❧ ❞❡ ❡st❡ ♠♦❞❡❧♦ ❡s s✐♠✐❧❛r ❛ ❧❛ ❣❡♦♠❡trí❛ ✉s❛❞❛ ❡♥ ❡❧ ♠♦❞❡❧♦

❛♥❛❧ít✐❝♦ s✐♠♣❧❡ ✭♠❡❞✐♦ s❡♠✐ t♦r♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✱ ❋✐❣✉r❛ ✺✳✾❝✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧❛

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✷✶ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❡♠❡r❣❡♥❝✐❛ ❡♥ ❡st❡ ❝❛s♦ ❡s ❝♦♥s❡❝✉❡♥❝✐❛ ❞❡❧ ❡q✉✐❧✐❜r✐♦ ❤✐❞r♦stát✐❝♦ ② ❝♦♥s✐❞❡r❛ ❞❡❢♦r♠❛✲

❝✐♦♥❡s ❛s♦❝✐❛❞❛s ❛ ❧❛ ❡①♣❛♥s✐ó♥ ❞❡❧ t✉❜♦ ❛ ♠❡❞✐❞❛ q✉❡ ❡st❡ ❛tr❛✈✐❡s❛ ❧♦s ❞✐st✐♥t♦s ♥✐✈❡❧❡s

❞❡ ♣r❡s✐ó♥ ❞❡❧ ♣❧❛s♠❛✳ P♦r ♦tr❛ ♣❛rt❡✱ ❧❛ ❝♦♥✈❡❝❝✐ó♥ t✐❡♥❡ ✉♥ ❡❢❡❝t♦ s♦❜r❡ ❧❛ t♦rs✐ó♥ ❧♦❝❛❧

♦❜s❡r✈❛❞❛ ②❛ q✉❡ ♣✉❡❞❡ ♣r♦❞✉❝✐r ❡❧ ❛rr❛str❡ ❞❡ ❧í♥❡❛s ❞❡ ❝❛♠♣♦ r❡❢♦r③❛♥❞♦ ♦ ❞✐s✐♣❛♥❞♦

❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✾❞ ✈❡♠♦s q✉❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc ❡s s✐♠✐❧❛r ❛ ❧❛ ❞❡

❧❛ ❘❆ ✽✼✺✸ ✭❋✐❣✉r❛ ✺✳✻❞✮ ❡♥ ❞♦♥❞❡ ❧❛s ❧❡♥❣✉❛s s♦♥ ♠ás ✐♥t❡♥s❛s ❛❧ ✜♥❛❧ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛

q✉❡ ❛❧ ❝♦♠✐❡♥③♦✳ ❱❡r❡♠♦s ♠ás ❛❞❡❧❛♥t❡ q✉❡ ❡st❡ ❝♦♠♣♦rt❛♠✐❡♥t♦ ♣✉❡❞❡ r❡♣r♦❞✉❝✐rs❡ ♣♦r

✉♥ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ❡♥ ❞♦♥❞❡ ❡❧ ❝❛♠♣♦ ❛①✐❛❧ Bφ ♣r❡s❡♥t❛ ✉♥❛

❛s✐♠❡trí❛ ❡♥tr❡ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞❡❧ t✉❜♦✳

❊♥ ♣r✐♠❡r ❧✉❣❛r ❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ q✉❡ ♣r♦❞✉❝❡ s♦❜r❡ ❧❛ ♣❡♥❞✐❡♥t❡ ❞❡ τc ✉♥ ♠♦❞❡❧♦

❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ s❡❝❝✐ó♥ ❞❡❧ s❡♠✐✲t♦r♦✳ ■♥tr♦❞✉❝✐♠♦s ✉♥❛ ❞❡♣❡♥✲

❞❡♥❝✐❛ ♣❛r❛❜ó❧✐❝❛ ❞❡ Nt ❛ ❧♦ ❧❛r❣♦ ❞❡❧ r❛❞✐♦ ♠❡♥♦r ❞❡❧ t♦r♦✱ ρ✱ ♠♦❞✐✜❝❛❞❛ ♣♦r ✉♥ ú♥✐❝♦

♣❛rá♠❡tr♦ h ❞❡ ❛❝✉❡r❞♦ ❛ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✹✮ ❞❡ ❧❛ ❙❡❝❝✐ó♥ ✷✳✸✳ ❉❡ t❛❧ ♠❛♥❡r❛ q✉❡ s✐ h = 0

❧❛ t♦rs✐ó♥ ❡s ✉♥✐❢♦r♠❡ ✭Nt = Nt,0✮ ❛❧ ✐❣✉❛❧ q✉❡ ❡❧ ❝❛s♦ ♠♦str❛❞♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✾✳ ❈♦♥

h > 0 ❧❛ t♦rs✐ó♥ ❡stá ♠ás ❝♦♥❝❡♥tr❛❞❛ ❡♥ ❧❛ ♣❡r✐❢❡r✐❛ ❞❡❧ t✉❜♦✱ s✐❡♥❞♦ ❡❧ ❞♦❜❧❡ s♦❜r❡ ❧❛

♣❡r✐❢❡r✐❛ r❡s♣❡❝t♦ ❞❡❧ ❝❡♥tr♦ ♣❛r❛ h = 1✳ ❉❡ ♠❛♥❡r❛ ♦♣✉❡st❛✱ ♣❛r❛ h < 0 ❧❛ t♦rs✐ó♥ ❡s

♠á①✐♠❛ ❡♥ ❡❧ ❝❡♥tr♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ② s❡ ❛♥✉❧❛ ❡♥ ❧❛ ♣❡r✐❢❡r✐❛ ♣❛r❛ h = −1✳ ❈♦♠♦ ✐♥❞✐❝❛

❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✹✮✱ ❛ ✈❛❧♦r❡s ❣r❛♥❞❡s ❞❡ ρ ❧❛ t♦rs✐ó♥ s❡ ✜❥❛ ❡♥ ❝❡r♦✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✶✵❛✱❝

♠♦str❛♠♦s ❞♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ❞❡ ❡st❡ ♠♦❞❡❧♦ ❝♦♥ ✈❛❧♦r❡s ❡①tr❡♠♦s ② ♦♣✉❡st♦s

❞❡❧ ♣❛rá♠❡tr♦ h✳

❈♦♠♦ ♣✉❡❞❡ ✈❡rs❡ ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✶✵ ✭♣❛♥❡❧❡s ❜ ② ❞✮✱ ❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ τc ❡s ❛❢❡❝t❛❞♦

♣♦r ❡❧ ✈❛❧♦r ❞❡ h✱ ♣❡r♦ ❡st❡ ❝❛♠❜✐♦ ♣✉❡❞❡ ♣r♦❞✉❝✐rs❡ t❛♠❜✐é♥ ❛❧ ♠♦❞✐✜❝❛r ❡❧ ✈❛❧♦r ❞❡

Nt,0 ❡♥ ❡❧ ♠♦❞❡❧♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ❊♥ ❧❛s s✐❣✉✐❡♥t❡s ✜❣✉r❛s ♠❛♥t❡♥❡♠♦s ❡❧ ✈❛❧♦r

❞❡ Nt,0 = 0,5 ❛ ♠❡♥♦s q✉❡ s❡ ✐♥❞✐q✉❡ ❡①♣❧í❝✐t❛♠❡♥t❡ ♦tr♦ ✈❛❧♦r✳ ▲❛ ♣❡♥❞✐❡♥t❡ ❞❡ τc s❡

✈✉❡❧✈❡ ❧✐❣❡r❛♠❡♥t❡ ♠ás ♥❡❣❛t✐✈❛✱ ❝♦♥ r❡s♣❡❝t♦ ❛❧ ♠♦❞❡❧♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✱ ❛ ♠❡❞✐❞❛

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

❝❡r❝❛♥♦s ❛ ❝❡r♦ ❝✉❛♥❞♦ h = −1✳ ❉❡❜✐❞♦ ❛ q✉❡ ❡❧ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ❡s s✐♠étr✐❝♦ r❡s♣❡❝t♦ ❞❡❧

❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ✭✈❡r ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✹✮✮✱ ❡❧ ✈❛❧♦r ❞❡ h ❛❢❡❝t❛ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡ ❧❛ ▲■P ❞❡

♠❛♥❡r❛ s✐♠✐❧❛r ❛ ❝✉❛♥❞♦ ❡❧ á♣✐❝❡ ② ❧❛ ❜❛s❡ ❞❡❧ t✉❜♦ ❛tr❛✈✐❡s❛♥ ❡❧ ♣❧❛♥♦ z = 0✱ ♣♦r ❧♦ q✉❡ ❡❧

♣❡r✜❧ ♦❜s❡r✈❛❞♦ ❞❡❜❡rí❛ s❡r ❡❧ ♠✐s♠♦ ❛❧ ❝♦♠✐❡♥③♦ ② ❛❧ ✜♥❛❧ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ P♦r

❋❡❜r❡r♦ ✷✵✶✼ ✶✷✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

Magnetic Flux

Magnetic Flux

(a) (b)

(d)(c)

❋✐❣✉r❛ ✺✳✶✶✿ ✭❛✮✕✭❝✮ ▼❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ♦❜t❡♥✐❞♦s ❝♦♥ ❡❧ ♠♦❞❡❧♦ ❡♥ ❞♦s ❝❛s♦s

❡①tr❡♠♦s ❞❡❧ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ❝♦♥ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛①✐❛❧ ❞❡❧ ❝❛♠♣♦ ✭g = 0,8

② g = −0,8✮✳ ✭❜✮✕✭❞✮ ❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❧í♥❡❛ ❝♦♥t✐♥✉❛ ✈✐♦❧❡t❛✮✱ ❞❡❧ á♥❣✉❧♦ ❞❡

❧❛s ❧❡♥❣✉❛s τ ✭✈❡r❞❡✮✱ s✉ ✈❛❧♦r ❝♦rr❡❣✐❞♦ τc ✭♠❛❣♥❡t❛✮ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φ ✭❛♥❛r❛♥❥❛❞❛✮✱

♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ t♦r♦✐❞❛❧ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ② ❞✐st✐♥t♦s ✈❛❧♦r❡s

❞❡ ❧♦s ♣❛rá♠❡tr♦s g✳

❧♦ t❛♥t♦✱ ❝❛♠❜✐❛r ❡❧ ♣❛rá♠❡tr♦ h ♥♦ ❞❡❜❡rí❛ ♠♦❞✐✜❝❛r s✉st❛♥❝✐❛❧♠❡♥t❡ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛

♦❜s❡r✈❛❞❛ ❡♥ τc(t)✳ P❛r❛ t❡♥❡r ✉♥❛ ♠❛②♦r ✈❛r✐❡❞❛❞ ❞❡ ♣❡r✜❧❡s τc(t) ♥❡❝❡s✐t❛♠♦s ❡♥t♦♥❝❡s

✉♥❛ t♦rs✐ó♥ ❝♦♥❝❡♥tr❛❞❛ ❡♥ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ♦ ❡♥ ❧❛ ✐♥❢❡r✐♦r ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳

❆ú♥ ✐♥tr♦❞✉❝✐❡♥❞♦ ✉♥ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ r❛❞✐❛❧ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ s❡❝❝✐ó♥ ❞❡❧ t✉❜♦✱ ❡st❡

♠♦❞❡❧♦ ♥❡❝❡s✐t❛ s❡r ❡①t❡♥❞✐❞♦ ♣❛r❛ ♣♦❞❡r ✐♥t❡r♣r❡t❛r ❧❛ ✈❛r✐❡❞❛❞ ❞❡ ❝❛s♦s ♦❜s❡r✈❛❞♦s

✭♣♦r ❡❥❡♠♣❧♦ ❡❧ ❞❡ ❧❛ ❋✐❣✉r❛ ✺✳✽✮✳ ❆♥❛❧✐③❛♥❞♦ ❞✐❢❡r❡♥t❡s ♠♦❞✐✜❝❛❝✐♦♥❡s✱ ❡♥❝♦♥tr❛♠♦s q✉❡

❧❛ ❢♦r♠❛ ♠ás ✐♥❞✐❝❛❞❛ ❞❡ ❤❛❝❡r❧♦ ❡s ✐♥❝❧✉✐r ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❡♥ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛①✐❛❧

❞❡❧ ❝❛♠♣♦ ❝♦♥ ❧❛ ❞✐r❡❝❝✐ó♥ ✈❡rt✐❝❛❧ ❧♦❝❛❧ ❝♦♠♦ ❧❛ ♣r♦♣✉❡st❛ ❡♥ ❡❝✉❛❝✐ó♥ ✭✷✳✶✺✮ ❞❡ ❧❛

❙❡❝❝✐ó♥ ✷✳✸✮✳ ❊st❡ ❝❛♠❜✐♦ ✐♥tr♦❞✉❝❡ ✉♥❛ r❡❞✐str✐❜✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ❞❡♥tr♦ ❞❡ ❧❛

s❡❝❝✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡ ❛ s✉ ✈❡③ s❛t✐s❢❛❝❡ ❧❛ ❝♦♥❞✐❝✐ó♥ ∇ ·B = 0 ② ❝♦♥s❡r✈❛ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ t♦t❛❧✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✷✸ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

▲❛ ❛s✐♠❡trí❛ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❛①✐❛❧ ❞❡❧ ❝❛♠♣♦✱ ❞❡✜♥✐❞❛ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✶✺✮✱ ❡stá

❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ✉♥ ú♥✐❝♦ ♣❛rá♠❡tr♦ g✱ ❡❧ ❝✉❛❧ ✈❛rí❛ ❞❡♥tr♦ ❞❡❧ ✐♥t❡r✈❛❧♦ [−1, 1] ♣❛r❛

❡✈✐t❛r ❧❛ ✐♥✈❡rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ❡♥ ❛❧❣✉♥❛ ♣❛rt❡ ❞❡♥tr♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ✭✈❡r ❧❛

❙❡❝❝✐ó♥ ✷✳✸✮✳ ❊❧ ♣❛rá♠❡tr♦ g t✐❡♥❡ ✉♥ ❡❢❡❝t♦ ✐♠♣♦rt❛♥t❡ s♦❜r❡ τc(t) ②❛ q✉❡ ✐♥tr♦❞✉❝❡ ✉♥❛

❢✉❡rt❡ ❛s✐♠❡trí❛ ❡♥tr❡ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ② ❧❛ ✐♥❢❡r✐♦r ❞❡ ❧❛ s❡❝❝✐ó♥ tr❛♥s✈❡rs❛❧ ❡♥ ❡❧ á♣✐❝❡

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦❀ P♦r ❧♦ t❛♥t♦✱ ❡stá ❡①t❡♥s✐ó♥ ❞❡❧ ♠♦❞❡❧♦ ♣✉❡❞❡ ❛❢❡❝t❛r ❢✉❡rt❡♠❡♥t❡ ❧❛

❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✶✶ ✈❡♠♦s q✉❡ ✉♥ ✈❛❧♦r ♥❡❣❛t✐✈♦ ❞❡

g ♣r♦✈♦❝❛ ✉♥❛ ❢✉❡rt❡ ♣❡♥❞✐❡♥t❡ ♥❡❣❛t✐✈❛ ❞❡ τc(t)✱ ♠✐❡♥tr❛s q✉❡ ✉♥ ✈❛❧♦r ♣♦s✐t✐✈♦ ❞❡ g

♣✉❡❞❡ ✐♥❞✉❝✐r ✉♥❛ ♣❡♥❞✐❡♥t❡ ♣♦s✐t✐✈❛ s✐❣♥✐✜❝❛t✐✈❛ ❝♦♠♦ s❡ ♦❜s❡r✈❛ t❛♠❜✐é♥ ♣❛r❛ ❛❧❣✉♥❛s

❘❆s ✭♣♦r ❡❥❡♠♣❧♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✻❞✱ ② ♠ás ❣❡♥❡r❛❧ ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✽✮✳

❊♥ r❡s✉♠❡♥✱ ❡❧ ♠♦❞❡❧♦ ❝♦♥ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ✭❙❡❝❝✐ó♥ ✷✳✸✮ ❡①♣❧♦r❛❞♦ ❡♥ ❡st❛ s❡❝✲

❝✐ó♥ t✐❡♥❡ ❞♦s ♥✉❡✈♦s ♣❛rá♠❡tr♦s ❛❞✐♠❡♥s✐♦♥❛❧❡s✱ h ② g✳ ❊st♦s ♣❛rá♠❡tr♦s ✈❛rí❛♥ ❞❡♥tr♦

❞❡❧ ✐♥t❡r✈❛❧♦ [−1, 1] ♣❛r❛ ❝♦♥s❡r✈❛r ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ❧❛s ♣r✐♥❝✐♣❛❧❡s ❝❛✲

r❛❝t❡ríst✐❝❛s ♦❜s❡r✈❛❞❛s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s✳ ❊st❛ ❡①t❡♥s✐ó♥ ❞❡❧ ♠♦❞❡❧♦ s✐♠♣❧❡

✭❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✮ ❡s ✉♥ r❡q✉✐s✐t♦ ♠í♥✐♠♦ ♣❛r❛ ✐♥t❡r♣r❡t❛r ❧❛ ✈❛r✐❡❞❛❞ ❞❡ ♣❡r✜❧❡s

♦❜s❡r✈❛❞♦s ❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc(t) ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❆ ❝♦♥t✐✲

♥✉❛❝✐ó♥ ❜✉s❝❛♠♦s ❝♦♠♣❛r❛r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛s ❘❆s ❝♦♥ ❧♦s ♠♦❞❡❧♦s

♦❜t❡♥✐❞♦s ❞❡ ❧❛ ❝♦♠❜✐♥❛❝✐ó♥ ❞❡ h ② g✳

▲♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❝♦♥t✐❡♥❡♥ ✈❛r✐♦s ♣❛rá♠❡tr♦s ✭❝♦♠♦ ❡❧ r❛❞✐♦ ❞❡❧ t♦r♦✱ ❡❧

❣r♦s♦r ❞❡❧ t✉❜♦✱ ❧❛ r❡s♦❧✉❝✐ó♥ t❡♠♣♦r❛❧ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡❧ ✢✉❥♦ ❛①✐❛❧✱

❡♥tr❡ ♦tr♦s✮ q✉❡ ♣✉❡❞❡♥ ❛❥✉st❛rs❡ ❛ ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ♦❜s❡r✈❛❞❛s ❡♥ ❧❛s ❘❆s✳ P♦r ♦tr❛

♣❛rt❡✱ ❝❛♠❜✐❛♥❞♦ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡❧ t♦r♦ r❡s♣❡❝t♦ ❞❡❧ ❡❥❡ ① ♣♦❞❡♠♦s ❝♦♥s✐❞❡r❛r ❝✉❛❧q✉✐❡r

✈❛❧♦r ♣❛r❛ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳ ▲♦s ♣❛rá♠❡tr♦s q✉❡ ❞❡✜♥❡♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ② ♣r♦♣✐❡❞❛❞❡s ❞❡ ❧❛s

❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s s♦♥✿ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt,0✱ ② ❧♦s ✈❛❧♦r❡s ❞❡ h ② g q✉❡ ♠♦❞✐✜❝❛♥ ❡❧

♣❡r✜❧ ❞❡ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ ② ❛①✐❛❧✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊st♦s ú❧t✐♠♦s ♣❛rá♠❡tr♦s

❞❡✜♥❡♥ ❧❛ ♠❛❣♥✐t✉❞ ② ❧❛ ❡✈♦❧✉❝✐ó♥ r❡❧❛t✐✈❛ ❞❡ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡ ❧❛ ▲■P ✭♦ ❞❡ τc(t)✮ ❛❧

✐❣✉❛❧ q✉❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t φc(t) ❞❡❜✐❞♦ ❛ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❞❡ ❧❛s

❧❡♥❣✉❛s ❡♥ ❡❧ ❝á❧❝✉❧♦ ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳

▲❛s ❝♦♥✜❣✉r❛❝✐♦♥❡s ❝♦♥ τc ② −τc✱ ♦ ❡q✉✐✈❛❧❡♥t❡♠❡♥t❡ ❝♦♥ Nt ② −Nt✱ s♦♥ ✐♠á❣❡♥❡s

❡s♣❡❥❛❞❛s ✉♥❛ r❡s♣❡❝t♦ ❞❡ ❧❛ ♦tr❛ ✭▲✉♦♥✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❊st♦ ♣✉❡❞❡ ✈❡rs❡ ❛❧ ❣r❛✜❝❛r |τc| ②

❋❡❜r❡r♦ ✷✵✶✼ ✶✷✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

❋✐❣✉r❛ ✺✳✶✷✿ ❊❢❡❝t♦ ❞❡❧ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❝♦♥ ✉♥ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt,0 ② ✉♥❛

❛s✐♠❡trí❛ ✈❡rt✐❝❛❧ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ✭❡❝✉❛❝✐ó♥ ✭✷✳✶✺✮✮ ✈❛r✐❛❜❧❡ ❝♦♥ g✳ ❈♦♠♣❛r❛♠♦s ❡st❡

♠♦❞❡❧♦ ❝♦♥ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ❡♥ ❡❧ ❡s♣❛❝✐♦ ❞❡ ♣❛rá♠❡tr♦s q✉❡ ❞❡s❝r✐❜❡♥ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ✱ ∆|φc|✱ ② ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡❣✐❞♦✱ ∆|τc|✱ ❞✉r❛♥t❡
❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ▲❛s ❘❆s ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ❡stá♥ r❡♣r❡s❡♥t❛❞❛s

❝♦♥ tr✐á♥❣✉❧♦s r♦❥♦s ② ❧❛s ♥❡❣❛t✐✈❛s ❝♦♥ ❛③✉❧❡s✳ ❙❡ ✐♥✈✐rt✐ó ❡❧ s✐❣♥♦ ❛ ∆|φc| ♣❛r❛ ❧♦s

❝❛s♦s ❞❡ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ♣❛r❛ s✉♣❡r♣♦♥❡r t♦❞❛s ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ❡♥ ✉♥❛ ♠✐s♠❛ ✜❣✉r❛

✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞✳ ▲❛s ❧í♥❡❛s s✉♣❡r♣✉❡st❛s ♥❡❣r❛s ② ✈❡r❞❡s

❝♦rr❡s♣♦♥❞❡♥ ❛❧ ♠♦❞❡❧♦ ❝♦♥ h = 0 ② ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ Nt,0 ✭0,3✱ 0,5 ② 0,8✮ ② g ✭−0,8✱

−0,4✱ 0✱ 0,4✱ 0,8✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊❧ ♣✉♥t♦ ✈✐♦❧❡t❛ ❝♦rr❡s♣♦♥❞❡ ❛ ❧♦s ✈❛❧♦r❡s ♦❜t❡♥✐❞♦s

♣❛r❛ ❧❛ s✐♠✉❧❛❝✐♦♥❡s ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✷✺ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❋✐❣✉r❛ ✺✳✶✸✿ ❊❢❡❝t♦ ❞❡❧ ♠♦❞❡❧♦ ❝♦♥ ✉♥ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ♥♦ ✉♥✐❢♦r♠❡ ❞❡✜♥✐❞♦ ♣♦r ❧♦s

♣❛rá♠❡tr♦s h ② g ✭❡❝✉❛❝✐♦♥❡s ✭✷✳✶✹✮ ② ✭✷✳✶✺✮✮✳ ❈♦♠♣❛r❛♠♦s ❡st❡ ♠♦❞❡❧♦ ❝♦♥ ❧❛s ♦❜s❡r✲

✈❛❝✐♦♥❡s ❡♥ ❡❧ ❡s♣❛❝✐♦ ❞❡ ♣❛rá♠❡tr♦s q✉❡ ❞❡s❝r✐❜❡♥ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✱ ∆|φc|✱
② ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡❣✐❞♦✱ ∆|τc|✱ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ❧❛s ❘❆s✳ ▲❛s ❘❆s ❝♦♥ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ❡stá♥ r❡♣r❡s❡♥t❛❞♦s ❝♦♥ tr✐á♥❣✉❧♦s r♦❥♦s ② ❧❛s

♥❡❣❛t✐✈❛s ❝♦♥ ❛③✉❧❡s✳ ❙❡ ❝❛♠❜✐ó ❡❧ s✐❣♥♦ ❛ ∆|φc| ♣❛r❛ ❧♦s ❝❛s♦s ❞❡ t♦rs✐ó♥ ♣♦s✐t✐✈❛ ♣❛✲

r❛ s✉♣❡r♣♦♥❡r t♦❞❛s ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ❡♥ ✉♥❛ ♠✐s♠❛ ✜❣✉r❛ ✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧

s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞✳ ▲❛s ❧í♥❡❛s s✉♣❡r♣✉❡st❛s ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ♠♦❞❡❧♦ ❝♦♥ Nt,0 = 0,5✳

▲♦s ❝✉r✈❛s ✐♥❞✐❝❛♥❞♦ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ ❤ ② ❣ s❡ ❡♥❝✉❡♥tr❛♥ ❣r❛✜❝❛❞❛s ❡♥ ♥❡❣r♦ ② ✈❡r❞❡

r❡s♣❡❝t✐✈❛♠❡♥t❡ ② ❧♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞✐❡♥t❡s s❡ ♠✉❡str❛♥ ❡♥ ❡❧ ♣❛♥❡❧✳ ❊❧ ♣✉♥t♦ ✈✐♦❧❡t❛

❝♦rr❡s♣♦♥❞❡ ❛ ❧♦s ✈❛❧♦r❡s ♦❜t❡♥✐❞♦s ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐♦♥❡s ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✷✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

∆|τc|✳ ❚❛♠❜✐é♥ ✈❡♠♦s ❡♥ ❛♠❜♦s ❝❛s♦s ✉♥❛ ❡✈♦❧✉❝✐ó♥ ♦♣✉❡st❛ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝❛✉s❛❞❛

♣♦r ❧❛ ❝♦♥tr❛❝❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❧✉❡❣♦ ❞❡ q✉❡ ❡❧ ✢✉❥♦ ❞❡ ❡st❛s ❤❛②❛ ❞♦♠✐♥❛❞♦ ❧❛ ❡✈♦❧✉✲

❝✐ó♥ ❢♦t♦s❢ér✐❝❛ ❞✉r❛♥t❡ ❧❛ ♣r✐♠❡r❛ ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✷✮

❞❡✜♥✐♠♦s ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝♦rr❡❣✐❞♦✱ φc✱ q✉❡ t♦♠❛ ❝♦♠♦ r❡❢❡r❡♥❝✐❛ ❡❧ t✐❧t ❡♥ ❡❧ ♠♦♠❡♥t♦

❞❡ ✢✉❥♦ ♠á①✐♠♦ ❞❡ ❧❛ ❘❆✳ ❉❡✜♥✐♠♦s ❛ ∆|φc| ❝♦♠♦ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥✲

t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊st❡ ♣❛rá♠❡♥tr♦ s❡ ❝❛❧❝✉❧❛ ❞❡ ♠❛♥❡r❛ s✐♠✐❧❛r ❛ ❝♦♠♦ s❡ ❤✐③♦

❝♦♥ ∆|τc|✱ ❛ ♣❛rt✐r ❞❡ ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ φ✳ ❯s❛♥❞♦ ∆|φc|✱ ❝♦♠♣❛r❛♠♦s

❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❡♥ r❡❣✐♦♥❡s ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛✳ ▲❛s ❋✐❣✉✲

r❛s ✺✳✶✷ ✕ ✺✳✶✸ ♠✉❡str❛♥ q✉❡ ❧❛s r❡❣✐♦♥❡s ❝♦♥ ❛♠❜♦s s✐❣♥♦s ❞❡ τc ✭tr✐á♥❣✉❧♦s r♦❥♦s ② ❛③✉❧❡s✮

❡stá♥ ✐❣✉❛❧♠❡♥t❡ ❞✐s♣❡rs❛s ❡♥ ❡❧ ❣rá✜❝♦ ❞❡ ∆|φc| ❡♥ ❢✉♥❝✐ó♥ ❞❡ ∆|τc|✳ ❊st♦ ✐♠♣❧✐❝❛ q✉❡

❧❛s ❘❆s t✐❡♥❡♥ ♣r♦♣✐❡❞❛❞❡s s✐♠✐❧❛r❡s ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✱ ✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡

❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛✳ ❊st❛ ❡s ❧❛ ♠✐s♠❛ ❝♦♥❝❧✉s✐ó♥ ❛ ❧❛ q✉❡ ❧❧❡❣❛♠♦s ❡♥ ❧❛

❙❡❝❝✐ó♥ ✺✳✶ ❛❧ ❛♥❛❧✐③❛r ❧♦s ♦tr♦s ♣❛rá♠❡tr♦s ❞❡ ❧❛s ❘❆s ✭❋✐❣✉r❛s ✺✳✹ ✕ ✺✳✺✮✳

❊♥ ♣r✐♠❡r ❧✉❣❛r ❞❡s❝r✐❜✐♠♦s ❧♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✱

h = g = 0✱ ❝♦♠♦ s❡ ♠✉❡str❛ ❡♥ ❧❛ ❝✉r✈❛ g = 0 ❞❡ ❧❛ ❋✐❣✉r❛ ✺✳✶✷✳ ❊st❡ ❝♦♥❥✉♥t♦ ❞❡

♠♦❞❡❧♦s ❞❡✜♥✐❞♦ ♣♦r ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt,0 ❝♦rr❡s♣♦♥❞❡ ❛ só❧♦ ✉♥❛

♣❡q✉❡ñ❛ ❢r❛❝❝✐ó♥ ❞❡ ❧❛s ❘❆s ♦❜s❡r✈❛❞❛s✳ ❊❧ ❝❛s♦ s✐♥ t♦rs✐ó♥ ✭Nt,0 = 0✮✱ ✐❞❡♥t✐✜❝❛❞♦ ❡♥ ❡❧

♦r✐❣❡♥ ❞❡❧ ❣rá✜❝♦ ❝♦♥ ✉♥ ♣✉♥t♦ ♥❡❣r♦✱ ♥♦ t✐❡♥❡ ✉♥❛ r❡❧❡✈❛♥❝✐❛ ❡s♣❡❝✐❛❧ ❡♥ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s

②❛ q✉❡ ♥♦ ✈❡♠♦s ❛ ❧❛s ❘❆s ❛❣r✉♣❛❞❛s ❡♥t♦r♥♦ ❛ ❡st❡ ❝❛s♦✳ ■♥tr♦❞✉❝✐❡♥❞♦ ✉♥ ♣❡r✜❧ ❞❡

t♦rs✐ó♥ r❛❞✐❛❧ ✭h 6= 0✮ ♣♦❞❡♠♦s ✐♥t❡r♣r❡t❛r ♦tr♦s ♣♦❝♦s ❝❛s♦s ❞❡ ❘❆s✱ só❧♦ ✉♥❛ ❢r❛❝❝✐ó♥

❧✐❣❡r❛♠❡♥t❡ ♠❛②♦r q✉❡ ♣❛r❛ ❧❛ ❝✉r✈❛ g = 0 ❞❡ ❧❛ ❋✐❣✉r❛ ✺✳✶✸✳ P♦r ❧♦ t❛♥t♦✱ ❝♦♠❜✐♥❛♥❞♦

❧♦s ♣❛rá♠❡tr♦s Nt,0 ② h ❝♦♥ g = 0✱ ❡❧ ♠♦❞❡❧♦ só❧♦ ♥♦s ♣❡r♠✐t❡ ✐♥t❡r♣r❡t❛r ✉♥❛ ❢r❛❝❝✐ó♥

♠❡♥♦r ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s❀ s✐❡♥❞♦ ❡st❛s ❧❛s ❘❆s q✉❡ ♣r❡s❡♥t❛♥ ✉♥❛ ❡✈♦❧✉❝✐ó♥ s✉❛✈❡

❞❡ τc ✭∆|τc| ❧✐❣❡r❛♠❡♥t❡ ♥❡❣❛t✐✈❛ ❡♥ ❧❛s ❋✐❣✉r❛s ✺✳✶✷ ② ✺✳✶✸✮✳

❙ó❧♦ ❝✉❛♥❞♦ ✈❛r✐❛♠♦s ❡❧ ♣❛rá♠❡tr♦ g ❞❡♥tr♦ ❞❡❧ r❛♥❣♦ ♣❡r♠✐t✐❞♦ ❧♦❣r❛♠♦s r❡♣r♦❞✉❝✐r

❧❛ ❣r❛♥ ✈❛r✐❡❞❛❞ ❞❡ ❧♦s r❡s✉❧t❛❞♦s ♦❜s❡r✈❛❞♦s ❡♥ ❧❛s ❘❆s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✺✳✶✸ ✈❡♠♦s q✉❡ ❝♦♥

g ✈❛r✐❛♥❞♦ ❡♥ ❡❧ ✐♥t❡r✈❛❧♦ [−0,8, 0,8] ♦❝✉♣❛♠♦s ✉♥❛ ❣r❛♥ ♣❛rt❡ ❞❡❧ ❡s♣❛❝✐♦ ❞❡ ♣❛rá♠❡tr♦s

∆|φc| (∆|τc|)✳ ❊st♦ ✐♥❞✐❝❛ q✉❡ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❛❧❣✉♥❛s ❘❆s ❡❧ ❝❛♠♣♦ ❛①✐❛❧ ❡s

♠ás ✐♥t❡♥s♦ ❛❧ ♣r✐♥❝✐♣✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❡♥ ♦tr❛s ❧♦ ❡s ❛❧ ✜♥❛❧✱ ❝♦♥ ✉♥ ❛♠♣❧✐♦ ❡s♣❡❝tr♦

❡♥tr❡ ❛♠❜♦s ❝❛s♦s✳ ❊st♦ ❡s ❡q✉✐✈❛❧❡♥t❡ ❛ t❡♥❡r ✉♥❛ t♦rs✐ó♥ ❧♦❝❛❧ q✉❡ ❡s ♠ás ❞é❜✐❧ ✭♦ ♠ás

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✷✼ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❢✉❡rt❡ ❡♥ ❡❧ ❝❛s♦ ❝♦♥tr❛r✐♦✮ ❡♥ ❡❧ á♣✐❝❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ q✉❡ ❡♥ ❧❛ ♣❛rt❡ ✐♥❢❡r✐♦r ✭✈❡r

❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✾✮ ♣❛r❛ ❧❛ ❞❡✜♥✐❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❧♦❝❛❧✮✳ ❊st❛ ✈❛r✐❡❞❛❞ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦

❡s ❞❡ ❧❛s ♣r♦♣✐❡❞❛❞❡s ♠ás ❝✉r✐♦s❛s ♦❜s❡r✈❛❞❛s✳ ◆♦ ❡s ♣♦s✐❜❧❡ ✐❞❡♥t✐✜❝❛r ♥✐♥❣✉♥❛ ♦tr❛

❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❧❛s ❘❆s q✉❡ ❡st❡ r❡❧❛❝✐♦♥❛❞❛ ❝♦♥ ❡❧ ✈❛❧♦r ❞❡ g ②❛ q✉❡ ♥♦ ❤❛② ♥✐♥❣✉♥❛

❞❡♣❡♥❞❡♥❝✐❛ ❡♥tr❡ ❡❧ ✢✉❥♦ t♦t❛❧ ❞❡ ❧❛ ❘❆ ② ∆|τc|✱ ❝♦♠♦ s❡ ✈❡ ❡♥ ❧❛ ❋✐❣✉r❛ ✺✳✺✳ ❆❞❡♠ás

❝✉❛❧q✉✐❡r ♣♦s✐❜❧❡ ✐♥t❡r❛❝❝✐ó♥ ❡♥tr❡ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣r❡❡①✐st❡♥t❡ ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❧❛s

♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛ ❘❆ ❡stá r❡str✐♥❣✐❞❛ ♣♦r ♥✉❡str♦ ❝r✐t❡r✐♦ ❞❡ s❡❧❡❝❝✐ó♥ ✭❞❡❜✐❞♦ ❛ q✉❡ ❧❛s

❘❆ ❡♠❡r❣❡♥ ❡♥ ✉♥ ❡♥t♦r♥♦ ❧✐❜r❡ ❞❡ ❝❛♠♣♦ ✐♥t❡♥s♦✮✳

▲❛ ❛♠♣❧✐❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ g ♣✉❡❞❡ t❡♥❡r s✉ ♦r✐❣❡♥ ❡♥ ❧♦s ♣r♦❝❡s♦s ❞❡❧ ❞í♥❛♠♦ q✉❡

❢♦r♠❛♥ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ♦ ❞✉r❛♥t❡ ❡❧ tr❛♥s♣♦rt❡ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛✱ ❡s♣❡✲

❝✐❛❧♠❡♥t❡ ❡♥ ❧❛ ❢❛s❡ ❞❡ ❛❝✉♠✉❧❛❝✐ó♥ ❞❡❜❛❥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛ ② ❛♥t❡s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊❧

♣r♦❝❡s♦ ✐♥✈♦❧✉❝r❛❞♦ t✐❡♥❡ ✉♥ ❡❢❡❝t♦ ❛❧❡❛t♦r✐♦ ✐♥trí♥s❡❝♦ ❝♦♠♦ s❡ ❞❡s♣r❡♥❞❡ ❞❡ ❧❛ ❞✐str✐❜✉✲

❝✐ó♥ ♣rá❝t✐❝❛♠❡♥t❡ ❣❛✉ss✐❛♥❛ ❞❡ ∆|τc| ✭❋✐❣✉r❛ ✺✳✽✮✱ ♠✐❡♥tr❛s q✉❡ ❡♥ ♠✉❝❤♦s ❝❛s♦s ❡st❡

♣r♦❝❡s♦ ♣❛r❡❝❡ ✐♥❤✐❜✐❞♦ ✭♣✐❝♦ ❝❡♥tr❛❧ ♠✉② ❛♥❣♦st♦✮✳ ❊st♦ ❛♣✉♥t❛ ❛ ✉♥ ♣♦s✐❜❧❡ ❡❢❡❝t♦ ❞❡

✢✉❥♦s ❝♦♥✈❡❝t✐✈♦s ❝♦♥✈❡r❣❡♥t❡s ② ❞✐✈❡r❣❡♥t❡s q✉❡ ❛❝tú❛♥ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥❝✐❛❧ ❛ ❧♦ ❧❛r❣♦

❞❡ ❧❛ s❡❝❝✐ó♥ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ P♦r ❡❥❡♠♣❧♦✱ ❡♥ ❡❧ ❝❛s♦ ❡♥ ❡❧ ❝✉❛❧ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡♥

❡♠❡r❣❡♥❝✐❛ ❡stá s♦♠❡t✐❞♦ ❛ ✉♥ ♣❛tró♥ ❞❡ ✢✉❥♦ ❝♦♥✈❡❝t✐✈♦ ❞✐✈❡r❣❡♥t❡ ❧♦❝❛❧✐③❛❞♦ ❡♥ ❧❛ ♣❛r✲

t❡ s✉♣❡r✐♦r ❞❡❧ á♣✐❝❡ ❞❡❧ t✉❜♦✱ t❡♥❞rá ✉♥❛ ♠❡♥♦r t♦rs✐ó♥ ♣♦r ✉♥✐❞❛❞ ❞❡ ❧♦♥❣✐t✉❞ ❡♥ ❡s❛

♣❛rt❡ q✉❡ ❡♥ ❧❛ ✐♥❢❡r✐♦r❀ ❡♥t♦♥❝❡s✱ |τc| ❛✉♠❡♥t❛rá ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊❧ ❝❛s♦ ✐♥✈❡rs♦

♦❝✉rr✐rí❛ ❝✉❛♥❞♦ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ❡st❛ ❞♦♠✐♥❛❞❛ ♣♦r ✉♥ ✢✉❥♦ ❝♦♥✈❡r❣❡♥t❡✳ P♦r ❧♦ t❛♥t♦✱

❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc(t) ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡♣❡♥❞❡rá ❞❡ ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛ ❘❆

❞❡♥tr♦ ❞❡❧ ♣❛tró♥ ❞❡ ❧❛ ❝❡❧❞❛ ❝♦♥✈❡❝t✐✈❛✳

▲♦s r❡s✉❧t❛❞♦s ♦❜t❡♥✐❞♦s ♣❛r❛ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛ ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✱∆|τc| ≈
14 ② ∆|φc| ≈ −11✱ ❝♦rr♦❜♦r❛♥ ❡st❛ ✐♥t❡r♣r❡t❛❝✐ó♥✳ ❊st♦s ✈❛❧♦r❡s ❡stá♥ ❡♥ ❧❛ ♣❡r✐❢❡r✐❛ ❞❡

❧♦s ♦❜s❡r✈❛❞♦s ♣❛r❛ ❧❛s ❘❆s ❡♥ ❧❛s ❋✐❣✉r❛s ✺✳✶✷ ✕ ✺✳✶✸ ② ♣✉❡❞❡♥ r❡♣r♦❞✉❝✐rs❡ ✉s❛♥❞♦ ❡❧

♠♦❞❡❧♦ ❝♦♥ ❛s✐♠❡trí❛ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ❝♦♥ ✈❛❧♦r❡s ❞❡ g ♣♦s✐t✐✈♦s ✭✈❡r ❧❛s ❋✐❣✉r❛s ✺✳✾❝✱❞

② ✺✳✶✶❝✱❞✮✳ ❊♥t♦♥❝❡s ✐♥❢❡r✐♠♦s q✉❡ ❧❛ ❝♦♥✈❡❝❝✐ó♥ ❞❡❧ ♣❧❛s♠❛ ♣r♦✈♦❝❛ s♦❜r❡ ✉♥ t✉❜♦ ❞❡

✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡ ✉♥❛ ❞❡❢♦r♠❛❝✐ó♥ ❧♦❝❛❧ ❞❡❧ ❝❛♠♣♦ q✉❡ ♣✉❡❞❡ s❡r ❞❡t❡❝t❛❞❛ ❡♥

❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ② r❡♣r♦❞✉❝✐❞❛ ❡♥ ❧♦s ♠♦❞❡❧♦s ❛♥❛❧ít✐❝♦s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✷✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✺✳✷✳ ❆◆➪▲■❙■❙ ❉❊ ▲❆ ❊❱❖▲❯❈■Ó◆ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙

❊♥ ❡st❡ ❝❛♣ít✉❧♦ ❛♥❛❧✐③❛♠♦s ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✶✽✼ ❘❆s ❜✐♣♦❧❛r❡s ♦❜s❡r✈❛❞❛s

❞✉r❛♥t❡ ❡❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸✳ ❊♥❝♦♥tr❛♠♦s q✉❡ ❡♥ ❡❧ ✽✵ ✪ ❞❡ ❧♦s ❝❛s♦s ❡st✉❞✐❛❞♦s✱ ❧❛s ❧❡♥❣✉❛s

t✐❡♥❡♥ ✉♥❛ ❡✈♦❧✉❝✐ó♥ ❝❧❛r❛ ❞✉r❛♥t❡ ❡♥ ❛❧ ♠❡♥♦s ❡❧ ✺✵ ✪ ❞❡❧ t✐❡♠♣♦ ❞❡ ❞✉r❛❝✐ó♥ ❞❡ ❧❛

❡♠❡r❣❡♥❝✐❛✳ ❉❡✜♥✐♠♦s ❡❧ ✈❛❧♦r ♠❡❞✐♦ ② ♠á①✐♠♦ ❞❡❧ á♥❣✉❧♦ ❝♦rr❡❣✐❞♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✱

τc✱ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❝❛❞❛ r❡❣✐ó♥ ✭τc ② τc,max✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ ▲♦s ✈❛❧♦r❡s

❛❜s♦❧✉t♦s ♠❡❞✐♦s ❞❡ ❡st♦s ♣❛rá♠❡tr♦s ✭∼ 30◦ ② ∼ 50◦✮ ✐♥❞✐❝❛♥ q✉❡ ❧❛s ❧❡♥❣✉❛s ❡s ✉♥❛

❝❛r❛❝t❡ríst✐❝❛ ♦❜s❡r✈❛❜❧❡ ❡♥ ❧❛ ♠❛②♦rí❛ ❞❡ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❡stás r❡❣✐♦♥❡s

❡stá♥ ❢♦r♠❛❞❛s ♣♦r ❧❛ ❡♠❡r❣❡♥❝✐❛ t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ ❞✐st✐♥t♦s ♥✐✈❡❧❡s ❞❡ t♦rs✐ó♥✳ ❆ ♣❛rt✐r

❞❡❧ s✐❣♥♦ ❞❡ τc ♦❜t✉✈✐♠♦s ✉♥❛ t❡♥❞❡♥❝✐❛ ❡♥ ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❞❡ ❧❛s r❡❣✐♦♥❡s ❞❡

❝❛❞❛ ❤❡♠✐s❢❡r✐♦s✳ ▲❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ❡♥❝♦♥tr❛❞❛ ❡s ❞❡ ✺✸ ✪ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r ②

✺✽ ✪ ❡♥ ❡❧ ♥♦rt❡✱ ❝♦rr♦❜♦r❛♥❞♦ ❧♦s ✈❛❧♦r❡s r❡♣♦rt❛❞♦s ❡♥ tr❛❜❛❥♦s ❛♥t❡r✐♦r❡s ✭P❡✈ts♦✈

❡t ❛❧✳✱ ✷✵✶✹✮✳ P♦r ♦tr❛ ♣❛rt❡✱ ❝♦♥❝❧✉✐♠♦s q✉❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❛✐s❧❛❞♦s q✉❡ ❢♦r♠❛♥ ❛

❧❛s ❘❆s ❜✐♣♦❧❛r❡s t✐❡♥❡♥ ✉♥ ❛♠♣❧✐♦ r❛♥❣♦ ❞❡ ♣❡r✜❧❡s ❞❡ t♦rs✐ó♥✳ P❛r❛ ✐♥t❡r♣r❡t❛r ❡st❛s

♦❜s❡r✈❛❝✐♦♥❡s ❡s ♥❡❝❡s❛r✐♦ ✐♥❝❧✉✐r ❡♥ ❧♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ✉♥❛ ❛s✐♠❡trí❛ ✈❛r✐❛❜❧❡

❡♥tr❡ ❧❛ ❝✐♠❛ ② ❧❛ ❜❛s❡ ❞❡ ❧❛ s❡❝❝✐ó♥ tr❛♥s✈❡rs❛❧ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ❉❡ ❤❡❝❤♦✱ ❛❧ ❛❣r❡❣❛r

✉♥ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ❛❧r❡❞❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡s ♣♦s✐❜❧❡ r❡♣r♦❞✉❝✐r ❧❛ ✈❛r✐❛❝✐ó♥

❞❡ ❧❛ ▲■P ② ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡ ♠❛♥❡r❛ ❝♦♥s✐st❡♥t❡s ❝♦♥ ❧❛ ❡✈♦❧✉❝✐ó♥ tí♣✐❝❛ ❞❡ ❧❛s

❧❡♥❣✉❛s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❊♥ ♣❛rt✐❝✉❧❛r✱ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡ ❧❛ ✐♥t❡♥s✐❞❛❞

❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ♣✉❡❞❡ ✐♥t❡r♣r❡t❛rs❡ ❝❛♠❜✐❛♥❞♦ ❧♦s ♣❛rá♠❡tr♦s h, g ❞❡♥tr♦ ❞❡❧

✐♥t❡r✈❛❧♦ ❬✲✶✱✶❪✱ ❛✉♥q✉❡ ♥♦ ❡s ♣♦s✐❜❧❡ ❡①❝❧✉✐r ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ✉♥❛ t♦rs✐ó♥ ✈❛r✐❛❜❧❡ ❞❡✜♥✐❞❛

♣♦r ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt,0✳ ❊s ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r t❛♠❜✐é♥ q✉❡ ❡st❛

❝❛r❛❝t❡ríst✐❝❛ ❛s♦❝✐❛❞❛ ❛ ❧❛ ❛s✐♠❡trí❛ ❛③✐♠✉t❛❧ ♥♦ ❤❛ s✐❞♦ ❛♥❛❧✐③❛❞❛ ❛♥t❡r✐♦r♠❡♥t❡ ❡♥

s✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s ❞❡ ✢✉❥♦✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✷✾ ❋❡❜r❡r♦ ✷✵✶✼



❊st✉❞✐♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥ ❝✐❝❧♦ s♦❧❛r

❋❡❜r❡r♦ ✷✵✶✼ ✶✸✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✻

❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t

❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s

r❡❣✐♦♥❡s ❛❝t✐✈❛s

❆ ❧♦ ❧❛r❣♦ ❞❡ ❡st❛ t❡s✐s ❤❡♠♦s ❡st✉❞✐❛❞♦ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ② s✉ r❡❧❛❝✐ó♥ ❝♦♥ ❧❛

t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❡♥ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ q✉❡ ❞❛♥ ♦r✐❣❡♥ ❛ ❧❛s ❘❆s✳ ❊♥❝♦♥tr❛♠♦s q✉❡ ❡st❛

t♦rs✐ó♥ ♣✉❡❞❡ s❡r ❝❛r❛❝t❡r✐③❛❞❛ ✉s❛♥❞♦ ✉♥ ú♥✐❝♦ ♣❛rá♠❡tr♦ τc ❞❡r✐✈❛❞♦ ❞❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥

❞❡ ❧❛ ▲■P ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊❧ ❛♥á❧✐s✐s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ τc ❡♥ ✉♥ ❝♦♥❥✉♥t♦ ❞❡

❘❆s ❜✐♣♦❧❛r❡s ♥♦s ♣❡r♠✐t❡ ✐♥❢❡r✐r q✉❡ ❧❛ ❝♦♥tr❛❝❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛

❞❡ ❡st❛s ❘❆s ♣✉❡❞❡ ♣r♦❞✉❝✐r ✉♥❛ r♦t❛❝✐ó♥ ❡s♣✉r✐❛ ❞❡ ❧❛ r❡❣✐ó♥ ② ✉♥❛ ❛♣❛r❡♥t❡ ❡✈♦❧✉❝✐ó♥

❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳ ❊♥ ❡st❡ ❝❛♣ít✉❧♦ ❜✉s❝❛♠♦s ❝✉❛♥t✐✜❝❛r ❡st❡ ❡❢❡❝t♦ ❛❧ ❛♥❛❧✐③❛r ❧❛ ✈❛r✐❛❝✐ó♥

❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❆q✉í ♠♦str❛♠♦s q✉❡ ❧❛ r♦t❛❝✐ó♥ ❛♣❛r❡♥t❡

♥♦ ♥❡❝❡s❛r✐❛♠❡♥t❡ ❡s ❝❛✉s❛❞❛ ♣♦r ❧❛ t♦rs✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ✭❝♦♥♦❝✐❞❛ ❝♦♠♦ ✇r✐t❤❡✮ s✐♥♦

q✉❡ ♣✉❡❞❡ s❡r ❝♦♥s❡❝✉❡♥❝✐❛ ❞❡ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ✐♥t❡♥s❛s✳ ❆❞❡♠ás✱

❡st✉❞✐❛♠♦s ❡st❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❝♦♠♦ ✉♥❛ ♣♦s✐❜❧❡ ❝❛✉s❛ ❞❡ ❧❛ ❞✐s♣❡rs✐ó♥ ♦❜s❡r✈❛❞❛ ❡♥

❧❛ ❧❡② ❞❡ ❏♦② ② ♣r♦♣♦♥❡♠♦s ❞♦s ♠ét♦❞♦s ♣❛r❛ ❝♦rr❡❣✐r ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t

❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✸✶ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

✻✳✶✳ ❘❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ❧❛t✐t✉❞

❈♦♠♦ ✈✐♠♦s ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✶✱ ❞❡ ❛❝✉❡r❞♦ ❛ ❧❛ ❧❡② ❞❡ ❏♦②✱ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ❜✐♣♦❧❛r❡s

❡♠❡r❣❡♥ s✐st❡♠át✐❝❛♠❡♥t❡ ❝♦♥ ✉♥ á♥❣✉❧♦ ❞❡ t✐❧t ✭♦ ✐♥❝❧✐♥❛❝✐ó♥✮ r❡s♣❡❝t♦ ❞❡ ❧❛ ❞✐r❡❝❝✐ó♥

❊✲❖✱ ❡♥ ❞♦♥❞❡ ❧❛ ♠❛♥❝❤❛ ♣r❡❝❡❞❡♥t❡ ❡stá ✉❜✐❝❛❞❛ ❡♥ ✉♥❛ ❧❛t✐t✉❞ ♠❡♥♦r q✉❡ ❧❛ ♠❛♥❝❤❛

s✐❣✉✐❡♥t❡✳ ▲❛ ✐♥❝❧✐♥❛❝✐ó♥ t✐❡♥❞❡ ❛ ❛✉♠❡♥t❛r ❝♦♥ ❧❛ ❧❛t✐t✉❞ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡❧ ❜✐♣♦❧♦✳

❏✉♥t♦ ❝♦♥ ❧❛ ❧❡② ❞❡ ❍❛❧❡✱ q✉❡ ❞❡s❝r✐❜❡ ❧❛ ❛s✐♠❡trí❛ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❞❡

❝❛❞❛ ❤❡♠✐s❢❡r✐♦✱ ❧❛s ♣r♦♣✐❡❞❛❞❡s ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t s♦♥ ❢✉♥❞❛♠❡♥t❛❧❡s ❡♥ ❧♦s ♠♦❞❡❧♦s ❞❡

❞í♥❛♠♦ ♣❛r❛ ❡①♣❧✐❝❛r ❡❧ ♠❡❝❛♥✐s♠♦ ❞❡ ✐♥✈❡rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ♣♦❧♦✐❞❛❧ ✭✈❡r ❧❛ ❋✐❣✉r❛ ✶✳✻ ②

r❡❢❡r❡♥❝✐❛s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✶✳✷✳✸✮✳

❊♥ ❧♦s ú❧t✐♠♦s ✷✵ ❛ñ♦s✱ s❡ ❤❛ ❜✉s❝❛❞♦ ❞❡t❡r♠✐♥❛r ❞❡ ♠❛♥❡r❛ ♣r❡❝✐s❛ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛

❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝♦♥ ❧❛ ❧❛t✐t✉❞✳ ❲❛♥❣ ✫ ❙❤❡❡❧❡② ❏r ✭✶✾✾✶✮ ❛♥❛❧✐③❛r♦♥ ✷✼✵✵ ❘❆s ❜✐♣♦❧❛r❡s

✐❞❡♥t✐✜❝❛❞❛s ✉s❛♥❞♦ ♠❛❣♥❡t♦❣r❛♠❛s t♦♠❛❞♦s ❡♥ ❡❧ ♦❜s❡r✈❛t♦r✐♦ ❞❡ ❑✐tt P❡❛❦ ❡♥tr❡ ✶✾✼✻

② ✶✾✽✻ ✭❈✐❝❧♦ ✷✶✮ ② ❡♥❝♦♥tr❛r♦♥ q✉❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t t✐❡♥❞❡ ❛ s❡r ♠❛②♦r ♣❛r❛ ❜✐♣♦❧♦s ❞❡

❜❛❥♦ ✢✉❥♦ ♠❛❣♥ét✐❝♦✳ ❊❧ t✐❧t ❝♦♠♦ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ❧❛t✐t✉❞ ❡♥ ❡st♦s ❜✐♣♦❧♦s t✐❡♥❡ ❛❞❡♠ás ✉♥❛

♠❛②♦r ❞✐s♣❡rs✐ó♥ q✉❡ ❡♥ ❧❛s ❘❆s ❝♦♥ ♠❛②♦r ✢✉❥♦ ♠❛❣♥ét✐❝♦✳ ❆ ♣❡s❛r ❞❡ ❧❛ ❞✐s♣❡rs✐ó♥✱

❲❛♥❣ ✫ ❙❤❡❡❧❡② ❏r ✭✶✾✾✶✮✱ ❡♥❝♦♥tr❛r♦♥ ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡❧ t✐❧t ✭φ✮ ❝♦♥ ❧❛ ❧❛t✐t✉❞ ✭η✮

❞❡✜♥✐❞❛ ♣♦r✿ sinφ = 0,48 sin η + 0,03✱ ❝♦rr✐❣✐❡♥❞♦ ❧❛ r❡❧❛❝✐ó♥ ✉s❛❞❛ ♣♦r ▲❡✐❣❤t♦♥ ✭✶✾✻✾✮✳

❙✐♥ ❡♠❜❛r❣♦✱ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧♦s ❛ñ♦s✱ ❧♦s ❡st✉❞✐♦s ❞❡ ❧❛ ❧❡② ❞❡ ❏♦② ❤❛♥ t❡♥✐❞♦ ❣r❛♥ ✈❛r✐❡❞❛❞

❞❡ r❡s✉❧t❛❞♦s ✭✈❡r ❋✐s❤❡r ❡t ❛❧✳✱ ✶✾✾✺❀ ❍♦✇❛r❞✱ ✶✾✾✶❀ ❚❛♥❣ ❡t ❛❧✳✱ ✶✾✽✹✮✳

▲♦s r❡s✉❧t❛❞♦s ♠ás r❡❝✐❡♥t❡s ❡stá♥ ❜❛s❛❞♦s ❡♥ ❡❧ ✉s♦ ❞❡ ❛❧❣♦r✐t♠♦s ❛✉t♦♠át✐❝♦s ♣❛r❛ ❡❧

♣r♦❝❡s❛♠✐❡♥t♦ ❞❡ ❣r❛♥❞❡s ❜❛s❡s ❞❡ ❞❛t♦s ✭♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❙❖❍❖✴▼❉■ ② ❙❉❖✴❍▼■✮✳

❙t❡♥✢♦ ✫ ❑♦s♦✈✐❝❤❡✈ ✭✷✵✶✷✮ ❡♥❝♦♥tr❛r♦♥ ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡❧ t✐❧t ❝♦♥ ❧❛ ❧❛t✐t✉❞ ❛ ♣❛rt✐r

❞❡❧ ❛♥á❧✐s✐s ❞❡ 160079 r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s✱ ✐♥❝❧✉②❡♥❞♦ ❡♥ ❡st❡ ❝♦♥❥✉♥t♦ ❘❆s q✉❡ ♥♦ s❛t✐s✲

❢❛❝❡♥ ❧❛ ❧❡② ❞❡ ❏♦②✱ ❝♦♥ ❛❧t♦s ✈❛❧♦r❡s ❞❡ t✐❧t ♦ s✐♠♣❧❡♠❡♥t❡ r❡❣✐♦♥❡s ♥♦ ❝✉♠♣❧❡♥ ❧❛ ❧❡②

❞❡ ❍❛❧❡✳ ❆ú♥ ❛sí ❧❛ ❞❡s✈✐❛❝✐ó♥ ❞❡ s✉s r❡s✉❧t❛❞♦s ❡s r❡❧❛t✐✈❛♠❡♥t❡ ❜❛❥❛ ❝♦♠♣❛r❛❞❛ ❝♦♥

♦tr♦s tr❛❜❛❥♦s ② ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❡♥❝♦♥tr❛❞❛ ❡stá ❞❡✜♥✐❞❛ ♣♦r✿ φ = 32,1◦ sin η✳ ❉❡ ♠❛♥❡r❛

s✐♠✐❧❛r✱ ▲✐ ✫ ❯❧r✐❝❤ ✭✷✵✶✷✮✱ ❛♥❛❧✐③❛r♦♥ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ 30600 ❘❆s ♦❜s❡r✈❛❞❛s ❡♥tr❡ ✶✾✼✹

② ✷✵✶✵ t♦♠❛♥❞♦ ❛❧ ♠❡♥♦s 90% ❞❡ ❘❆s ❝♦♥ ❛❧✐♥❡❛❝✐ó♥ ♥♦r♠❛❧ ❊✲❖ ✭−90◦ ≤ φ ≤ 90◦✮

② r❡s♣❡t❛♥❞♦ ❧❛ ❧❡② ❞❡ ❍❛❧❡✳ P❛r❛ ❡st❡ ❡st✉❞✐♦ ✉s❛r♦♥ ✉♥❛ ❝♦♠❜✐♥❛❝✐ó♥ ❞❡ ♠❡❞✐❝✐♦♥❡s

❋❡❜r❡r♦ ✷✵✶✼ ✶✸✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✶✳ ❘❊▲❆❈■Ó◆ ❊◆❚❘❊ ❊▲ ➪◆●❯▲❖ ❉❊ ❚■▲❚ ❨ ▲❆ ▲❆❚■❚❯❉

❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✭♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ▼♦✉♥t ❲✐❧s♦♥✮ ② ♦❜s❡r✈❛❝✐♦♥❡s ❞❡ ❧❛ ✉♠❜r❛

② ♣❡♥✉♠❜r❛ ❞❡ ♠❛♥❝❤❛s ❡♥ ❧✉③ ❜❧❛♥❝❛ ✭✈❡r ❧❛ ❋✐❣✉r❛ ✻✳✶✮✳ ❊♥❝♦♥tr❛r♦♥ ✉♥❛ ❢✉❡rt❡ ❞❡✲

♣❡♥❞❡♥❝✐❛ ❧❛t✐t✉❞✐♥❛❧✱ φ = 0,5η − 0,9✱ ❛❧ ✐❣✉❛❧ q✉❡ ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ t❡♠♣♦r❛❧ ❛s♦❝✐❛❞❛

❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ❝✐❝❧♦ s♦❧❛r ② ✉♥❛ ❛s✐♠❡trí❛ ❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡❧ t✐❧t ❡♥ ❝❛❞❛ ❤❡♠✐s✲

❢❡r✐♦ ✭✈❡r t❛♠❜✐é♥ ❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ▲❛ ❛s✐♠❡trí❛ ❤❡♠✐s❢ér✐❝❛ ❞❡ ❧❛ ❧❡② ❞❡ ❏♦② ② ❧❛

❞❡♣❡♥❞❡♥❝✐❛ ❝♦♥ ❡❧ ❝✐❝❧♦ ❢✉❡r♦♥ ❝♦♥✜r♠❛❞❛s t❛♠❜✐é♥ ♣♦r ▼❝❈❧✐♥t♦❝❦ ✫ ◆♦rt♦♥ ✭✷✵✶✸✮✿

φN = 0,26η+0,58 ② φS = 0,13η+1,38✱ ❡♥ ❞♦♥❞❡ φN ② φS ❝♦rr❡s♣♦♥❞❡♥ ❛❧ á♥❣✉❧♦ ❞❡ t✐❧t

❞❡ ❧❛s r❡❣✐♦♥❡s ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r ② ❡♥ ❡❧ ♥♦rt❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❊♥ r❡s✉♠❡♥✱ ❛ú♥ ♥♦ ❤❛② ✉♥ ❝♦♥s❡♥s♦ s♦❜r❡ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❧❛t✐t✉❞✐♥❛❧ ❞❡❧ á♥❣✉❧♦

❞❡ t✐❧t ❞❡ ❧♦s ❜✐♣♦❧♦s✱ ②❛ q✉❡ ❧♦s ❞✐❢❡r❡♥t❡s ❝♦♥❥✉♥t♦s ❞❡ ❞❛t♦s ② ♠ét♦❞♦s ❞❡ ❛♥á❧✐s✐s

❧❧❡✈❛r♦♥ ❛ r❡s✉❧t❛❞♦s ❞✐st✐♥t♦s✳ ❯♥❛ ❞❡ ❧❛s ♣♦s✐❜❧❡s r❛③♦♥❡s ❞❡ ❧❛ ❞✐❢❡r❡♥❝✐❛✱ r❡s✉❧t❛ ❞❡ ❧❛

❝♦♠❜✐♥❛❝✐ó♥ ❞❡ ❜✐♣♦❧♦s ❡♥ ❞✐❢❡r❡♥t❡s ❡st❛❞♦s ❞❡ ❡✈♦❧✉❝✐ó♥✳

❊st❛ ❢❛❧t❛ ❞❡ ❝♦♥s❡♥s♦ ❣❡♥❡r❛ ❛ s✉ ✈❡③ ✉♥❛ ❞✐s❝✉s✐ó♥ s♦❜r❡ ❡❧ ♦r✐❣❡♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳

❇❛❜❝♦❝❦ ✭✶✾✻✶✮ ♣r♦♣✉s♦ q✉❡ ❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧✱ ❝r❡❛❞♦ ❛ ♣❛rt✐r ❞❡❧ ❝❛♠♣♦ ♣♦❧♦✐❞❛❧ ♣♦r

❧❛ r♦t❛❝✐ó♥ ❞✐❢❡r❡♥❝✐❛❧ ❡♥ ❧❛ t❛❝♦❝❧✐♥❛ ✭✈❡r ❧❛ ❙❡❝❝✐ó♥ ✶✳✷✳✸✮✱ ♥♦ s❡rí❛ t♦t❛❧♠❡♥t❡ t♦r♦✐❞❛❧

s✐♥♦ ❡s♣✐r❛❧✱ ♠❛♥t❡♥✐❡♥❞♦ ✉♥❛ ♣❡q✉❡ñ❛ ❝♦♠♣♦♥❡♥t❡ ♣♦❧❛r✳ ▲❡✐❣❤t♦♥ ✭✶✾✻✾✮ s✉❣✐r✐ó q✉❡

❡❧ t✐❧t ♣r♦✈❡♥í❛ ❞❡ ✐♥❡st❛❜✐❧✐❞❛❞❡s t✐♣♦ ❦✐♥❦ q✉❡ s❡ ❞❡s❛rr♦❧❧❛♥ ❡♥ t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ ✉♥❛

❢✉❡rt❡ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛③✐♠✉t❛❧ ❛❧ ❡❥❡ ❞❡❧ t✉❜♦✳ ❖tr♦s tr❛❜❛❥♦s ♣r♦♣✉s✐❡r♦♥ q✉❡ ❧❛

❢✉❡r③❛ ❞❡ ❈♦r✐♦❧✐s ❛❝t✉❛♥❞♦ s♦❜r❡ ❡❧ ♣❧❛s♠❛ ❝♦♥t❡♥✐❞♦ ❡♥ t✉❜♦s ❞❡ ✢✉❥♦ ♣✉❡❞❡ ❝❛✉s❛r ❡❧

t✐❧t ❞❡ ❧❛s r❡❣✐♦♥❡s ✭❙❝❤♠✐❞t✱ ✶✾✻✽❀ ❲❛♥❣ ✫ ❙❤❡❡❧❡② ❏r✱ ✶✾✾✶✮✳ ❉❡❜✐❞♦ ❛ ❧❛ ❡①♣❛♥s✐ó♥

❞❡❧ ♣❧❛s♠❛ ❞❡♥tr♦ ❞❡ ❧♦s t✉❜♦s q✉❡ ❛tr❛✈✐❡s❛♥ ❧❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ❧♦s ♠✐s♠♦s s✉❢r❡♥ ✉♥❛

r♦t❛❝✐ó♥ ✭❤♦r❛r✐❛ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ ♥♦rt❡ ② ❛♥t✐✲❤♦r❛r✐❛ ❡♥ ❡❧ s✉r✮ q✉❡ ♣r♦❞✉❝❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥

❞❡ ❧♦s ❜✐♣♦❧♦s ❤❛❝✐❛ ❡❧ ❡❝✉❛❞♦r✳ ▲❛s s✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦s Ω

r❡♣r♦❞✉❝❡♥ ❡st❛ ❛❝❝✐ó♥ ❞❡ ❧❛ ❢✉❡r③❛ ❞❡ ❈♦r✐♦❧✐s ② ❡❧ ♣❡r✜❧ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♦❜s❡r✈❛❞♦ ❡♥

❘❆s ✭❈❛❧✐❣❛r✐ ❡t ❛❧✳✱ ✶✾✾✺❀ ❉✬❙✐❧✈❛ ✫ ❈❤♦✉❞❤✉r✐✱ ✶✾✾✸❀ ❋❛♥ ❡t ❛❧✳✱ ✶✾✾✸✮✳ ❙✐♥ ❡♠❜❛r❣♦✱

❛ ♣❛rt✐r ❞❡❧ ❛♥á❧✐s✐s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛s ❢❛s❡s ❞❡ ❡♠❡r❣❡♥❝✐❛✱

❑♦s♦✈✐❝❤❡✈ ✫ ❙t❡♥✢♦ ✭✷✵✵✽✮ ❡♥❝♦♥tr❛r♦♥ q✉❡ ❡❧ t✐❧t ♥♦ s❡ r❡❧❛❥❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ❛ ❧❛

❞✐r❡❝❝✐ó♥ ❊✲❖ ✉♥❛ ✈❡③ q✉❡ ❧❛ ♣❛rt❡ s✉♣❡r✐♦r ❞❡❧ t✉❜♦ ❡♠❡r❣✐ó ❝♦♠♣❧❡t❛♠❡♥t❡✳ P♦r ❧♦ t❛♥t♦✱

❡❧ t✐❧t ♣✉❡❞❡ ♥♦ ❡st❛r ❝❛✉s❛❞♦ só❧♦ ♣♦r ❧❛ ❛❝❝✐ó♥ ❞❡ ❧❛ ❢✉❡r③❛ ❞❡ ❈♦r✐♦❧✐s ②✱ ❛❝t✉❛❧♠❡♥t❡✱

s❡ ❝♦♥s✐❞❡r❛ q✉❡ ❧❛ ❣❡♦♠❡trí❛ ❡s♣✐r❛❧ ❞❡❧ ❝❛♠♣♦ t♦r♦✐❞❛❧ t❛♠❜✐é♥ ❞❡t❡r♠✐♥❛ ❡❧ ♣❡r✜❧ ❞❡

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✸✸ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

0 5 10 15 20 25 30 35

-5.0

-2.5

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

M
E
A
N

T
IL
T
A
N
G
L
E

(D
E
G
R
E
E
S
)

J oy’s law(mean-based):
cycles21- 23combined

MW/MAG

DPD/U

DPD/UPP

γMAG =0.46|L| - 1.1

γU =0.28|L|+1.0
γUPP =0.32|L|+0.7
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(b)J oy’s law(median-based):
cycles21- 23combined
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γMAG =0.52|L| - 0.6

γU =0.40|L|+0.5
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MW/MAG (cycles21- 23)

DPD/U (cycles21- 23)

DPD/UPP (cycles21- 23)

(c)

❋✐❣✉r❛ ✻✳✶✿ ▲❡② ❞❡ ❏♦② ♣❛r❛ ❧♦s ❈✐❝❧♦s ❙♦❧❛r❡s ✷✶ ❛ ✷✸ ♦❜t❡♥✐❞❛ ❝♦♥ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡

▼♦✉♥t ❲✐❧s♦♥ ✭♣✉♥t♦s ♥❡❣r♦s✮ ♣♦r ▲✐ ✫ ❯❧r✐❝❤ ✭✷✵✶✷✮ ❡ ✐♠á❣❡♥❡s ❡♥ ❧✉③ ❜❧❛♥❝❛ ♣♦r

❲❛♥❣ ❡t ❛❧✳ ✭✷✵✶✺✮ ✭r♦♠❜♦s r♦❥♦s✿ ❛♥á❧✐s✐s só❧♦ ❞❡ ❧❛ ✉♠❜r❛❀ tr✐á♥❣✉❧♦ ❛③✉❧ ❝❧❛r♦✿ ✉♠❜r❛✱

♣❡♥✉♠❜r❛ ② ♣♦r♦s✮✳ ✭❛✮ á♥❣✉❧♦ ❞❡ t✐❧t ♠❡❞✐♦ t♦♠❛❞♦ ❞❡♥tr♦ ❞❡ ✉♥❛ ❜❛♥❞❛ ❞❡ ✺◦ ❞❡ ❛♥❝❤♦

❡♥ ❧❛t✐t✉❞✱ ❧❛ ❧❡② ❡stá ❞❡r✐✈❛❞❛ ❛ ♣❛rt✐r ❞❡❧ ❛❥✉st❡ ❡♥ ❝✉❛❞r❛❞♦s ♠í♥✐♠♦s ❞❡ ❧♦s s✐❡t❡

♣✉♥t♦s ❡♥ ❡❧ r❛♥❣♦ ❞❡ ✵◦ ❛ ✸✺◦ ♣❛r❛ ❝❛❞❛ ♠ét♦❞♦ ✭❧í♥❡❛s ❞✐s❝♦♥t✐♥✉❛s✮✳ ✭❜✮ ❈ó♠♦ ❡♥ ❡❧

♣❛♥❡❧ ✭❛✮ ♣❡r♦ ❝♦♥ ❧❛ ♠❡❞✐❛♥❛ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝❛❧❝✉❧❛❞❛ ❡♥ ❜✐♥❡s ❞❡ ✺◦✳ ✭❝✮ ❍✐st♦❣r❛♠❛

❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ á♥❣✉❧♦s ❞❡ t✐❧t ♣❛r❛ ❧❛s ♠❡❞✐❝✐♦♥❡s ❡♥tr❡ ✶✾✼✻ ② ✷✵✵✽ ❝♦♥ ✉♥ t❛♠❛ñ♦

❞❡ ❜✐♥ ❞❡ ✺◦✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✸✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✶✳ ❘❊▲❆❈■Ó◆ ❊◆❚❘❊ ❊▲ ➪◆●❯▲❖ ❉❊ ❚■▲❚ ❨ ▲❆ ▲❆❚■❚❯❉

✐♥❝❧✐♥❛❝✐ó♥ ♦❜s❡r✈❛❞♦ ✭▼❝❈❧✐♥t♦❝❦ ✫ ◆♦rt♦♥✱ ✷✵✶✸✮✳

❆✉♥ ❝✉❛♥❞♦ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❧❛t✐t✉❞✐♥❛❧ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❢✉❡ ❡st✐♠❛❞❛ ❝♦♥ ❞✐❢❡r❡♥t❡s

♠ét♦❞♦s ② ❝♦♥❥✉♥t♦s ❞❡ ♦❜s❡r✈❛❝✐♦♥❡s✱ ❧❛ ❞✐s♣❡rs✐ó♥ ❞❡ ❡st❛ r❡❧❛❝✐ó♥ s✐❣✉❡ s✐❡♥❞♦ ❣r❛♥❞❡✳

❊♥tr❡ ❧❛s ♣♦s✐❜❧❡s ❝❛✉s❛s ❞❡ ❧❛ ❞✐s♣❡rs✐ó♥ ♦❜s❡r✈❛❞❛ ❡♥ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❧❛t✐t✉❞✐♥❛❧ ❞❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ♣♦❞❡♠♦s ♠❡♥❝✐♦♥❛r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❝♦♥t❡♥✐❞❛ ❡♥ ❡st❛s

❡str✉❝t✉r❛s✳ P♦r ❡❥❡♠♣❧♦✱ ❧❛ ❤❡❧✐❝✐❞❛❞ ❛s♦❝✐❛❞❛ ❛ ❧❛ ❞❡❢♦r♠❛❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦

✭✇r✐t❤❡✮ ♦r✐❣✐♥❛❞❛ ♣♦r ❧❛ ❛❝❝✐ó♥ ❞❡ ❧❛ ❢✉❡r③❛ ❞❡ ❈♦r✐♦❧✐s✱ ♦ ❜✐❡♥✱ ♣♦r ✐♥❡st❛❜✐❧✐❞❛❞❡s t✐♣♦

❦✐♥❦ ♣✉❡❞❡ ♣r♦✈♦❝❛r ✉♥❛ r♦t❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s

✭✈❡r ▲ó♣❡③ ❋✉❡♥t❡s ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❊st♦ ✐♥tr♦❞✉❝❡ ✉♥❛ ❞✐s♣❡rs✐ó♥ s✐st❡♠át✐❝❛ ❞❡❧ á♥❣✉❧♦ ❞❡

t✐❧t ✱ ❞❛❞♦ q✉❡ s✐ ❡s ♠❡❞✐❞♦ ❡♥ ❞✐st✐♥t♦s ♠♦♠❡♥t♦s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥✱ ✉♥❛ ♠✐s♠❛ ❘❆ ♣♦❞rí❛

❡st❛r ❛s♦❝✐❛❞❛ ❛ ✉♥ ❛♠♣❧✐♦ r❛♥❣♦ ❞❡ ✈❛❧♦r❡s ❞❡ t✐❧t ✳ ❆❧❣✉♥♦s ❞❡ ❧♦s tr❛❜❛❥♦s ❝✐t❛❞♦s ❛q✉í✱

♥♦ t✐❡♥❡♥ ❡♥ ❝✉❡♥t❛ ❡st❛ ♣♦s✐❜✐❧✐❞❛❞✳

❆❞❡♠ás✱ ❝ó♠♦ ✈✐♠♦s ❛ ❧♦ ❧❛r❣♦ ❞❡ ❡st❛ t❡s✐s✱ ❧❛ t♦rs✐ó♥ ❞❡❜✐❞❛ ❛ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦

❛③✐♠✉t❛❧ ❞❡❧ t✉❜♦ ♣r♦❞✉❝❡♥ ❧❛ ❛♣❛r✐❝✐ó♥ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s q✉❡ ♠♦❞✐✜❝❛♥ ❧❛ ❞✐str✐✲

❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ❢♦t♦s❢ér✐❝♦ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s✳ ▲❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ❝❛♠❜✐❛

❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ♠❛❣♥ét✐❝♦s ❞❡ ❧❛ r❡❣✐ó♥ ♣r♦✈♦❝❛♥❞♦ ✉♥❛ ✐♥❝❧✐♥❛❝✐ó♥ q✉❡

♥♦ ♥❡❝❡s❛r✐❛♠❡♥t❡ ❝♦✐♥❝✐❞❡ ❝♦♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦✳ ▲❛ ♠✐s♠❛ ❡✈♦❧✉❝✐ó♥ ② ❝♦♥✲

tr❛❝❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s r❡s✉❧t❛♥ ❡♥ ✉♥❛ r♦t❛❝✐ó♥ ❛♣❛r❡♥t❡ ❞❡❧ ❜✐♣♦❧♦ q✉❡ ♣✉❡❞❡ s✉♣❡r❛r

❧♦s ✶✵◦ ✭✈❡r ❧❛ ❋✐❣✉r❛ ✹✳✷✮✳ P♦r ❧♦ t❛♥t♦✱ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♣♦❞rí❛ ❡st❛r

❝♦♥❞✐❝✐♦♥❛❞❛ ♣♦r ❧❛ ❢❛s❡ ❞❡ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❘❆s✳

✻✳✶✳✶✳ ■♥❝❧✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❘❆s

❯s❛♥❞♦ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❞❡t❡r♠✐♥❛✲

♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞❡ ❧❛s ✶✽✼ ❘❆s ❜✐♣♦❧❛r❡s✳ ❊st❡ ❝♦♥❥✉♥t♦ ❡s ❡❧ ♠✐s♠♦

q✉❡ ❡❧ ❛♥❛❧✐③❛❞♦ ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✺ ② ✱♣♦r ❧♦ t❛♥t♦✱ ❝✉♠♣❧❡♥ ❝♦♥ ❡❧ ❝r✐t❡r✐♦ ❞❡ s❡❧❡❝❝✐ó♥

♣r❡s❡♥t❛❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✳ ▲❛ ❜❛s❡ ❞❡ ❞❛t♦s ❞❡❧ ▼❉■ ♣❡r♠✐t❡ s❡❣✉✐r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡

❧❛s ❘❆s ❝♦♥ ✶✺ ♠❛❣♥❡t♦❣r❛♠❛s ❞✐❛r✐♦s ✭❝❛❞❛ ∼✾✵ ♠✐♥✉t♦s✮ ❧♦s ❝✉❛❧❡s ❢✉❡r♦♥ ♣r♦❝❡s❛❞♦s

❝♦♥ ❧❛s ❤❡rr❛♠✐❡♥t❛s ❞❡s❝r✐♣t❛s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✳✶✳ ❯♥❛ ✈❡③ ♦❜t❡♥✐❞♦s ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡

❝❛❞❛ ♣♦❧❛r✐❞❛❞✱ ❝❛❧❝✉❧❛♠♦s ❡❧ t✐❧t ❛ ♣❛rt✐r ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✸✮✱ ❞❡✜♥✐é♥❞♦❧♦ ♣♦s✐t✐✈♦ ❝✉❛♥❞♦

❧❛ ♣♦❧❛r✐❞❛❞ ♣r❡❝❡❞❡♥t❡ s❡ ❡♥❝✉❡♥tr❛ ♠ás ♣ró①✐♠❛ ❛❧ ❡❝✉❛❞♦r✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✸✺ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❙✐ ❜✐❡♥ ❡st❡ ❛♥á❧✐s✐s ❡stá ❧✐♠✐t❛❞♦ t❛♥t♦ ♣♦r ❡❧ ✈♦❧✉♠❡♥ ❡st❛❞íst✐❝♦ ✭❝♦♠♣❛r❛❞♦ ❝♦♥

tr❛❜❛❥♦s s✐♠✐❧❛r❡s✮ ❝♦♠♦ ♣♦r ❧❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❧❛s r❡❣✐♦♥❡s s❡❧❡❝❝✐♦♥❛❞❛s✱ ♥✉❡str♦

♦❜❥❡t✐✈♦ ♥♦ ❡s ♦❜t❡♥❡r ✉♥❛ ❡①♣r❡s✐ó♥ ♣❛r❛ ❧❛ ❧❡② ❞❡ ❏♦② s✐♥♦ ❡st✉❞✐❛r s✉ ✈❛r✐❛❝✐ó♥ ❞❡✲

❜✐❞❛ ❛ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ❘❆s✳ ❊st❡ ❝♦♥❥✉♥t♦ ❞❡

r❡❣✐♦♥❡s ❛❝t✐✈❛s ❢✉❡ ❡st✉❞✐❛❞♦ ❡♥ ♥✉♠❡r♦s♦s tr❛❜❛❥♦s✱ ❡♥ ❧♦s q✉❡ s❡ ❡♥❝♦♥tró ✉♥❛ ❝❧❛r❛

❞❡♣❡♥❞❡♥❝✐❛ ❡♥tr❡ ❧❛ ❧❛t✐t✉❞ ② ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✭▲✐ ✫ ❯❧r✐❝❤✱ ✷✵✶✷❀ ▼❝❈❧✐♥t♦❝❦ ✫ ◆♦rt♦♥✱

✷✵✶✸❀ ❚❧❛t♦✈ ❡t ❛❧✳✱ ✷✵✶✸❀ ❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✺✱ ② ❝✐t❛s ❛❧❧í ♠❡♥❝✐♦♥❛❞❛s✮✳ ❊♥ ❣❡♥❡r❛❧✱ ❧♦s

❡st✉❞✐♦s ❞❡ ❧❛ ❧❡② ❞❡ ❏♦② ✉t✐❧✐③❛♥ ♠ét♦❞♦s ❛✉t♦♠át✐❝♦s ♣❛r❛ ❞❡t❡❝t❛r ❧❛s ❝♦♥✜❣✉r❛❝✐♦♥❡s

❞❡ ❝❛♠♣♦ ❜✐♣♦❧❛r ❡♥ ♠❛❣♥❡t♦❣r❛♠❛s s✐♥ó♣t✐❝♦s ❞✐❛r✐♦s ✭♣♦r ❡❥❡♠♣❧♦✱ ❙t❡♥✢♦ ✫ ❑♦s♦✈✐✲

❝❤❡✈✱ ✷✵✶✷✮✳ ❊❧ ♣r♦❝❡s❛♠✐❡♥t♦ ② ❝á❧❝✉❧♦ ❛✉t♦♠❛t✐③❛❞♦ ✐♥❝❧✉②❡ ✈❛r✐❛s ✈❡❝❡s ❡❧ t✐❧t ❞❡ ✉♥❛

♠✐s♠❛ ❘❆ ❡♥ ❞✐❢❡r❡♥t❡s ❢❛s❡s ❞❡ s✉ ❡✈♦❧✉❝✐ó♥✱ ✐♥tr♦❞✉❝✐❡♥❞♦ ✉♥ s❡s❣♦ ❡♥ ❧♦s r❡s✉❧t❛❞♦s

✜♥❛❧❡s✳ ❆❧ ❝♦♥t❛r ❝♦♥ ✉♥❛ ❜❛s❡ ❞❡ ❞❛t♦s ❞❡ ✶✽✼ ❘❆s✱ ♣♦❞❡♠♦s ✐❞❡♥t✐✜❝❛r ❢á❝✐❧♠❡♥t❡ ❧❛s

❞❡s✈✐❛❝✐♦♥❡s ♣r♦✈♦❝❛❞❛s ♣♦r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❘❆s ②❛ q✉❡ ❡❧ ❝á❧❝✉❧♦ r❡❛❧✐③❛❞♦ s♦❜r❡

❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛ ♣✉❡❞❡ s❡r r❡✈✐s❛❞♦ ② ❝♦rr❡❣✐❞♦ ❞❡ ❢♦r♠❛ ✐♥❞✐✈✐❞✉❛❧✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✷ ♠♦str❛♠♦s ❧❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ② ❧❛ ❧❛t✐t✉❞ ♣❛r❛ ❡❧ ❝♦♥✲

❥✉♥t♦ ❞❡ ❘❆s✳ ❚♦♠❛♠♦s ❛❧ á♥❣✉❧♦ ❞❡ t✐❧t ❡♥ ❡❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❞❡

❧❛ r❡❣✐ó♥ ❝♦♠♦ ❡❧ ✈❛❧♦r ♠ás r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ✭❋✐❣✉r❛ ✻✳✷❛✮✳

❙✉♣♦♥❡♠♦s q✉❡ ❡♥ ❡st❡ ♠♦♠❡♥t♦ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡s ❞❡s♣r❡❝✐❛❜❧❡✳ ❈♦♠♦ ✈✐♠♦s✱

❧❛ ❞❡❢♦r♠❛❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ✭✇r✐t❤❡✮ ❞❡❜✐❞♦ ❛ ❧❛ ❢✉❡r③❛ ❞❡ ❈♦r✐♦❧✐s✱ ✢✉❥♦s ❝♦♥✈❡❝t✐✈♦s

♦ ❛❧ ❞❡s❛rr♦❧❧♦ ❞❡ ✐♥❡st❛❜✐❧✐❞❛❞❡s t✐♣♦ ❦✐♥❦ t❛♠❜✐é♥ ♣✉❡❞❡♥ ❛❢❡❝t❛r ❞❡ ♠❛♥❡r❛ s✐❣♥✐✜❝❛✲

t✐✈❛ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❝♦♥s✐❞❡r❛♠♦s q✉❡ ❡❧ ❡❢❡❝t♦ ❞❡❧ ✇r✐t❤❡ ❡♥ ❧❛

❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s ❘❆s ❛❧❝❛♥③❛ s✉ ♠í♥✐♠♦ ✉♥❛ ✈❡③ q✉❡ ❡❧ t✉❜♦ ❡♠❡r❣✐ó

❝♦♠♣❧❡t❛♠❡♥t❡✳

❈❛❧❝✉❧❛♠♦s ❧♦s ✈❛❧♦r❡s ♠❡❞✐♦s ❞❡❧ t✐❧t ❛ ✢✉❥♦ ♠á①✐♠♦ ❞❡ ❧❛s ❘❆s s❡♣❛r❛❞❛s ❡♥ ✐♥t❡r✲

✈❛❧♦s ❞❡ ✺◦ ❡♥ ❧❛t✐t✉❞ ② r❡❛❧✐③❛♠♦s ✉♥ ❛❥✉st❡ ❧✐♥❡❛❧ ❝♦♥ ❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ ❝❛❞❛ ✐♥t❡r✈❛❧♦

✭s✐❡t❡ ♣✉♥t♦s ❡♥tr❡ ✵◦ ② ✸✺◦ ❞❡❧ ♠ó❞✉❧♦ ❞❡ ❧❛ ❧❛t✐t✉❞✮✳ ❊❧ ❛❥✉st❡ ❞❡ ❡st♦s ♣r♦♠❡❞✐♦s

✭r♦♠❜♦s ❛③✉❧❡s✮ ❡stá r❡♣r❡s❡♥t❛❞♦ ♣♦r ❧❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ ❛③✉❧✳ ▲❛ r❡❧❛❝✐ó♥ ❡♥❝♦♥tr❛❞❛✱

φ = 0,55η − 2,9✱ ❡s s✐♠✐❧❛r ❛ ❧❛ ❞❡ ❧♦s tr❛❜❛❥♦s ❝✐t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✳

❈♦♠♣❛r❛♠♦s ❡st❛ r❡❧❛❝✐ó♥ ❝♦♥ ❧♦s r❡s✉❧t❛❞♦s ❞❡r✐✈❛❞♦s ❛❧ ✉s❛r ❡❧ t✐❧t ♣r♦♠❡❞✐♦ ❛ ❧♦

❧❛r❣♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❝♦♠♦ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ r❡❢❡r❡♥❝✐❛ ❞❡ ❝❛❞❛ ❘❆✳ ❊❧ t✐❧t ♣r♦♠❡❞✐♦

❋❡❜r❡r♦ ✷✵✶✼ ✶✸✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✶✳ ❘❊▲❆❈■Ó◆ ❊◆❚❘❊ ❊▲ ➪◆●❯▲❖ ❉❊ ❚■▲❚ ❨ ▲❆ ▲❆❚■❚❯❉

(a)

(b)

(c)

Sres=1.2

Sres=2.1

Sres=1.9

❋✐❣✉r❛ ✻✳✷✿ ❘❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ á♥❣✉❧♦ ❞❡

t✐❧t ② ❧❛ ❧❛t✐t✉❞ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ▲♦s

r♦♠❜♦s r♦❥♦s r❡♣r❡s❡♥t❛♥✿ ✭❛✮ ❡❧ t✐❧t ❞❡

❧❛s r❡❣✐♦♥❡s ❡♥ ❡❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦

♠á①✐♠♦✱ ✭❜✮ ❡❧ t✐❧t ♣r♦♠❡❞✐♦ ❛ ❧♦ ❧❛r❣♦

❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❝❛❞❛ ❘❆ ② ✭❝✮ t♦✲

❞♦s ❧♦s ✈❛❧♦r❡s ❞❡❧ t✐❧t ♠❡❞✐❞♦s ♣❛r❛ ❝❛✲

❞❛ ❘❆✳ P❛r❛ ❝❛❞❛ ♣❛♥❡❧ r❡❛❧✐③❛♠♦s ❡❧

❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❥✉st❡ ❧✐♥❡❛❧ ♣♦r ❝✉❛✲

❞r❛❞♦s ♠í♥✐♠♦s ✭❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛ r♦✲

❥❛✮✳ ▲♦s r♦♠❜♦s ❛③✉❧❡s ❝♦rr❡s♣♦♥❞❡♥ ❛❧

✈❛❧♦r ♠❡❞✐♦ ❞❡❧ t✐❧t ♠♦str❛❞♦ ❡♥ ❝❛✲

❞❛ ♣❛♥❡❧ ❞❡♥tr♦ ❞❡ ✉♥❛ ❜❛♥❞❛ ❞❡ ✺◦

❞❡ ❧❛t✐t✉❞✱ ❝♦♥ ❡st♦s ✈❛❧♦r❡s ❞❡r✐✈❛♠♦s

❧❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❧❡② ❞❡ ❏♦② ✐♥❞✐❝❛❞❛

❡♥ ❝❛❞❛ ♣❛♥❡❧✳ ❆❞❡♠ás✱ ♣r❡s❡♥t❛♠♦s ❧❛

❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r r❡s✐❞✉❛❧✱ Sres✱ ♣❛r❛

❧❛ r❡❣r❡s✐ó♥ ❧✐♥❡❛❧ q✉❡ ❞❡✜♥❡ ❧❛ ❧❡② ❞❡

❏♦② ❡♥ ❝❛❞❛ ♣❛♥❡❧✳ ▲❛ ❧í♥❡❛ ❞✐s❝♦♥t✐♥✉❛

❛③✉❧ ♠✉❡str❛ ❡❧ ❛❥✉st❡ ♣♦r ❝✉❛❞r❛❞♦s

♠í♥✐♠♦s ❞❡ ❡st♦s s✐❡t❡ ✈❛❧♦r❡s ♠❡❞✐♦s✳

❊♥ ❝❛❞❛ ♣❛♥❡❧ ♠♦str❛♠♦s✱ ❝♦♥ ❡❧ ❝♦✲

rr❡s♣♦♥❞✐❡♥t❡ ❝♦❧♦r✱ ❧♦s ♣❛rá♠❡tr♦s ❞❡

❧❛ ♣❡♥❞✐❡♥t❡ ❞❡ ❝❛❞❛ ❛❥✉st❡ ② ❡❧ ❝♦❡✜✲

❝✐❡♥t❡ ❞❡ ❝♦rr❡❧❛❝✐ó♥ ❧✐♥❡❛❧✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✸✼ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❡stá ❝❛❧❝✉❧❛❞♦ ❡♥ ❡❧ ✐♥t❡r✈❛❧♦ ❞❡✜♥✐❞♦ ♣♦r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❞❡ ❧❛ r❡❣✐ó♥✱ ❡♥tr❡ ❡❧ ✶✵ ✪

② ❡❧ ✶✵✵ ✪ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦✳ ❚♦❞♦ ❡❢❡❝t♦ q✉❡ ♣r♦✈♦q✉❡ ✉♥ ❝❛♠❜✐♦ ❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡

✢✉❥♦ ♠❛❣♥ét✐❝♦✱ ♣♦r ❡❥❡♠♣❧♦ ❡♠❡r❣❡♥❝✐❛s s❡❝✉♥❞❛r✐❛s ♦ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✱ ❝❛♠❜✐❛rá

❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ♠❛♥❡r❛ t❛❧ q✉❡ ❡❧ t✐❧t ❝❛❧❝✉❧❛❞♦ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛

♣✉❡❞❡ ❞✐❢❡r✐r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❞❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦✳ ❊st♦ s❡ ✈❡ r❡✢❡❥❛❞♦ ❡♥

❡❧ ♣r♦♠❡❞✐♦ ② ♣♦r ❧♦ t❛♥t♦ ❡♥ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❝♦♥ ❧❛ ❧❛t✐t✉❞ ♠♦str❛❞❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✷❜✳

❈♦♥ ❡st❡ ♠ét♦❞♦ ❧❛ r❡❧❛❝✐ó♥ ❡stá ❞❛❞❛ ♣♦r✿ φ = 0,53η − 2,8✳

❋✐♥❛❧♠❡♥t❡✱ ♣❛r❛ ❡st✉❞✐❛r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✱ ❝♦♥✲

s✐❞❡r❛♠♦s t♦❞♦s ❧♦s ✈❛❧♦r❡s ❞❡❧ t✐❧t ♠❡❞✐❞♦s ♣❛r❛ ❧❛s ❘❆s ❡st✉❞✐❛❞❛s ✭✈❡r ❋✐❣✉r❛ ✻✳✷❝✮✳

❯s❛♠♦s ❧♦s ✈❛❧♦r❡s ♦❜t❡♥✐❞♦s ❡♥ ❡❧ ✐♥t❡r✈❛❧♦ ❞✉r❛♥t❡ ❡❧ ❝✉❛❧ ❡❧ ✢✉❥♦ s❡ ❡♥❝✉❡♥tr❛ ❡♥tr❡ ❡❧

✶✵ ② ✶✵✵ ✪ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦✳ ❊s ❡s♣❡r❛❜❧❡ t❡♥❡r ✉♥❛ ♠❛②♦r ❞✐s♣❡rs✐ó♥ ❡♥tr❡ ❧♦s ♣✉♥t♦s

❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✷❝✱ ②❛ q✉❡ ♥♦ só❧♦ ✐♥❝❧✉②❡ t♦❞❛s ❧❛s ✢✉❝t✉❛❝✐♦♥❡s ❞❡❧ t✐❧t s✐♥♦ q✉❡ t❛♠❜✐é♥

✐♥❝♦r♣♦r❛ ✉♥❛ ❞❡♣❡♥❞❡♥❝✐❛ ❝♦♥ ❧❛ ❞✉r❛❝✐ó♥ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❝❛❞❛ ❘❆✳ ❆ú♥ ❛sí✱ ❧❛

r❡❧❛❝✐ó♥ ❡♥❝♦♥tr❛❞❛✱ φ = 0,51η − 2,1✱ ❡s ❝♦♠♣❛r❛❜❧❡✱ ❛✉♥q✉❡ ❝♦♥ ♠❡♥♦r ♣❡♥❞✐❡♥t❡✱ ❛

❧❛ r❡❧❛❝✐ó♥ ❤❛❧❧❛❞❛ ♣❛r❛ ❡❧ t✐❧t ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❧ ✢✉❥♦ ♠á①✐♠♦✳ ❊st❛ ❞✐❢❡r❡♥❝✐❛ ♣♦❞rí❛

✐♥❞✐❝❛r q✉❡ ❡①✐st❡ ✉♥❛ ❡✈♦❧✉❝✐ó♥ ✐♠♣♦rt❛♥t❡ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✱ ♣r♦✲

✈♦❝❛♥❞♦ ❞❡s✈✐❛❝✐♦♥❡s ❡♥ ❧❛ ❧❡② ❞❡ ❏♦②✳ ▲❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❧❛s ❝✉r✈❛s ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✷❛ ②

❝ ♣♦❞rí❛ ✐♥❞✐❝❛r q✉❡ ❧❛s ❧❡♥❣✉❛s ♣✉❡❞❡♥ t❡♥❡r ✉♥ ❡❢❡❝t♦ s♦❜r❡ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ②✱

♣♦r ❧♦ t❛♥t♦✱ ❡♥ ❧❛ ❧❡② ❞❡ ❏♦②✳ ❊♥ ❧❛ ❙❡❝❝✐ó♥ ✻✳✷ ❜✉s❝❛♠♦s ❝✉❛♥t✐✜❝❛r ❡st❡ ❡❢❡❝t♦ ❡♥ ✉♥

s✉❜❝♦♥❥✉♥t♦ ❞❡ ✻✶ ❘❆s✳

❙✐♥ ❡♠❜❛r❣♦✱ ❡❧ r❡s✉❧t❛❞♦ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✷❝ ❡s ❧❛ r❡❧❛❝✐ó♥ ♠ás ❝❡r❝❛♥❛ ❛ ❧❛ r❡♣♦rt❛❞❛

♣♦r ▲✐ ✫ ❯❧r✐❝❤ ✭✷✵✶✷✮ ♣❛r❛ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ 11000 r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s ❞❡❧ ❈✐❝❧♦ ❙♦❧❛r ✷✸

✭✈❡r ❧❛ ❋✐❣✉r❛ ✻✳✶❛✮✳ ❊❧ tr❛❜❛❥♦ ❞❡ ▲✐ ✫ ❯❧r✐❝❤ ✭✷✵✶✷✮ ✉s❛ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s

❞✐❛r✐♦s ❞❡❧ ▼❉■ ♣❛r❛ ❝❛❧❝✉❧❛r ❡❧ t✐❧t ❞❡ ❧❛s r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s ❛ ♣❛rt✐r ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❞❡

❧♦s ❜❛r✐❝❡♥tr♦s ♠❛❣♥ét✐❝♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ❞❡t❡❝❝✐ó♥ ❛✉t♦♠át✐❝❛

❞❡ ❧♦s ❜✐♣♦❧♦s r❡❛❧✐③❛ ❡❧ ❝á❧❝✉❧♦ ❞❡❧ t✐❧t ♣❛r❛ ❝❛❞❛ ❘❆ ❞✉r❛♥t❡ t♦❞❛ s✉ ❡✈♦❧✉❝✐ó♥ ❡♥ ❡❧

❞✐s❝♦ s♦❧❛r✱ ✐♥❝❧✉②❡♥❞♦ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛

♠✐s♠❛ ♠❛♥❡r❛ q✉❡ ❧♦ ❤❛❝❡ ♥✉❡str♦ ❝♦♥❥✉♥t♦ ❞❡ ✶✽✼ ❘❆s✳ ❊s ❞❡❝✐r✱ ♥✉❡str❛ s❡❧❡❝❝✐ó♥ ❡s

r❡♣r❡s❡♥t❛t✐✈❛ ❞❡❧ ❝♦♠♣♦rt❛♠✐❡♥t♦ ❞❡ t♦❞❛s ❧❛s ❘❆s ❝♦♥ ❝❛r❛❝t❡ríst✐❝❛s s✐♠✐❧❛r❡s ❝✉②♦

♥ú♠❡r♦ ♥♦ s❡ ❤❛ ❧✐♠✐t❛❞♦ ❛❧ ✐♥t❡r✈❛❧♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ♥✐ ❛ s✉ ✉❜✐❝❛❝✐ó♥ ❡♥ ❡❧ ❞✐s❝♦ s♦❧❛r✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✸✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

✻✳✷✳ ❊❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥

❞❡❧ t✐❧t

❊①✐st❡♥ ✉♥❛ ✈❛r✐❡❞❛❞ ❞❡ ❝❛s♦s ❡♥ ❧♦s ❝✉❛❧❡s ❧❛s ❧❡♥❣✉❛s ♣✉❡❞❡♥ t❡♥❡r ✉♥ ❡❢❡❝t♦ ❞❡s♣r❡✲

❝✐❛❜❧❡ ❡♥ ❧❛ ❞✐s♣❡rs✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ✳ ❙✐ ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✱ ❡♥ ♣r❡s❡♥❝✐❛

❞❡ ❧❡♥❣✉❛s✱ ❡stá ♠ás ❡①t❡♥❞✐❞❛ ❤❛❝✐❛ ❡❧ ❝❡♥tr♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ✭❝♦♠♦ ♦❝✉rr❡ ❡♥ ❧❛ s✐♠✉✲

❧❛❝✐ó♥ ❞❡ ❧❛ ❋✐❣✉r❛ ✸✳✼✮✱ ❧♦s ❜❛r✐❝❡♥tr♦s ❝❛♠❜✐❛r❛♥ ❞❡ ♣♦s✐❝✐ó♥ ❛ ❧♦ ❧❛r❣♦ ❞❡ ✉♥❛ ♠✐s♠❛

❞✐r❡❝❝✐ó♥ ❛ ♠❡❞✐❞❛ q✉❡ ❧❛s ❧❡♥❣✉❛s s❡ ❝♦♥tr❛❡♥✳ ❊st❛ ❡✈♦❧✉❝✐ó♥ ♣✉❡❞❡ ♣r♦✈♦❝❛r ❝❛♠❜✐♦s

♥♦t♦r✐♦s ❡♥ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡ ❧❛ ▲■P s✐♥ ♠♦❞✐✜❝❛r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❡❧ t✐❧t ✭❡❥❡♠♣❧♦ ❡♥

❧❛ ❋✐❣✉r❛ ✺✳✻✮✳ ❊♥ ❧❛s s✐❣✉✐❡♥t❡s s❡❝❝✐♦♥❡s ❜✉s❝❛r❡♠♦s ✐❞❡♥t✐✜❝❛r ❧❛ ❛❝❝✐ó♥ ❞❡ ❧❛s ❧❡♥✲

❣✉❛s ♠❛❣♥ét✐❝❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ♣❛r❛ ❛q✉❡❧❧❛s r❡❣✐♦♥❡s ❡♥ ❞♦♥❞❡ t✐❡♥❡♥ ✉♥❛

✐♥✢✉❡♥❝✐❛ ❝❧❛r❛ ② s✐❣♥✐✜❝❛t✐✈❛✳ P❛r❛ ❡st♦✱ ♣r♦❜❛♠♦s ❞♦s ♠ét♦❞♦s ❞✐st✐♥t♦s q✉❡ ❜✉s❝❛♥

❝♦rr✐❣✐r ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s✳

✻✳✷✳✶✳ ❯♠❜r❛❧ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❊♥ ♣r✐♠❡r ❧✉❣❛r ❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥

❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ❧✐♠✐t❛♥❞♦ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡❧

❝á❧❝✉❧♦ ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳ ❉❡ ❡st❛ ♠❛♥❡r❛✱ s✉♣♦♥✐❡♥❞♦

q✉❡ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❝♦rr❡s♣♦♥❞❡ ❛ ✉♥❛ ❢r❛❝❝✐ó♥ ♠❡♥♦r ❞❡❧ ✢✉❥♦ t♦t❛❧✱ ❧♦s ❞✐st✐♥t♦s

✉♠❜r❛❧❡s ♣❡r♠✐t❡♥ ✜❧tr❛r ❡♥ ♠❛②♦r ♦ ♠❡♥♦r ♠❡❞✐❞❛ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✳ P❛r❛ ❡st♦

❞❡✜♥✐♠♦s ✉♥ ✈❛❧♦r ✉♠❜r❛❧ ❞❡ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ❡♥ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛✳ ❚♦♠❛♠♦s ❡❧

❧í♠✐t❡ ❞❡❧ ❝❛♠♣♦ ✭Blimit✮ ❝♦♠♦ ✉♥❛ ❢r❛❝❝✐ó♥ ❞❡❧ ♠❡♥♦r ✈❛❧♦r ❡♥tr❡ ❡❧ ♠ó❞✉❧♦ ❞❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♠á①✐♠♦ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ② ❞❡ ❧❛ ♥❡❣❛t✐✈❛✿

Blimit =
P

100
·min(max(Bp),max(|Bn|))) , ✭✻✳✶✮

❡♥ ❞♦♥❞❡ P ❡s ✉♥ ♣❛rá♠❡tr♦ q✉❡ ❛❥✉st❛ ❡❧ ♣♦r❝❡♥t❛❥❡ ❞❡❧ ✉♠❜r❛❧✱ Bp ✭Bn✮ ❡s ❧❛ ✐♥t❡♥s✐❞❛❞

❞❡ ❝❛♠♣♦ ❡♥ ❧♦s ♣í①❡❧❡s ❝♦♥ ✢✉❥♦ ♣♦s✐t✐✈♦ ✭♥❡❣❛t✐✈♦✮✳ ❊①♣❧♦r❛♠♦s ❡❧ ❡❢❡❝t♦ ❞❡ ❞✐st✐♥t♦s

✉♠❜r❛❧❡s ❛❧ ✈❛r✐❛r ❡❧ ✈❛❧♦r ❞❡❧ ♣❛rá♠❡tr♦ P ✭✷✺ ✪✱ ✺✵ ✪ ② ✼✺ ✪✮✳

❊♥ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ✭❙❡❝❝✐ó♥ ✷✳✸✮✱ ♥♦ ❡s

♣♦s✐❜❧❡ s❡♣❛r❛r✱ ❛❧ ♠❡♥♦s ❞❡ ♠❛♥❡r❛ ✈✐s✉❛❧✱ ❧❛s ❝♦♥tr✐❜✉❝✐♦♥❡s ❞❡ ❧♦s ❝❛♠♣♦s ❛③✐♠✉t❛❧ ②

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✸✾ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❛①✐❛❧ ❞❡❧ t✉❜♦ ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ♦❜t❡♥✐❞♦s ❝♦♥ ❡❧ ♠♦❞❡❧♦✳ ❊♥ ❧♦s ❝❛s♦s ♦❜s❡r✈❛❞♦s✱

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

❡s♣❛❝✐❛❧♠❡♥t❡ ♠❡③❝❧❛❞❛s✳ ❙✐ ❝♦♥s✐❞❡r❛♠♦s t♦❞♦ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ❘❆ ❡♥ ❡❧ ❝á❧❝✉❧♦

❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❡st❛rá ❛❢❡❝t❛❞♦ ♣♦r ❧❛ ❡✈♦❧✉❝✐ó♥

② ❞✐str✐❜✉❝✐ó♥ ❞❡ ❛♠❜❛s ❝♦♥tr✐❜✉❝✐♦♥❡s ❞❡ ❝❛♠♣♦✳ ❊♥t♦♥❝❡s✱ s✉♣♦♥❡♠♦s q✉❡ ❡❧ ❝❛♠♣♦

❛①✐❛❧ ❡s ♣r❡❞♦♠✐♥❛♥t❡ ❡♥ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ② ❡❧ ✉♠❜r❛❧ ❡♥ ❡❧ ❝❛♠♣♦

s❡r✈✐rá ♣❛r❛ ♠✐♥✐♠✐③❛r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ② ❛♣r♦①✐♠❛r ❡❧ t✐❧t ❛ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ r❡❛❧

❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✸ ♠♦str❛♠♦s ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❛ ❧❛ ❘❆ ✽✵✺✻✳ ❊st❛ r❡❣✐ó♥

❡♠❡r❣❡ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ ◆♦rt❡ ✭◆✲✶✼✮ ❛ ✜♥❡s ❞❡ ❥✉♥✐♦ ❞❡ ✶✾✾✼ ② ❛❧❝❛♥③❛ s✉ ✢✉❥♦ ♠❛❣♥ét✐❝♦

♠á①✐♠♦ ❧✉❡❣♦ ❞❡ ✸ ❞í❛s ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ▲❛ ❝♦❧✉♠♥❛ ✶ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✸ ♠✉❡str❛ ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡ ❧❛ r❡❣✐ó♥✱ ✐♥❞✐❝❛♥❞♦ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ② ❧❛ ▲■P ❝❛❧❝✉❧❛❞♦s s✐♥

✐♠♣♦♥❡r ✉♥ ❧í♠✐t❡ s♦❜r❡ ❡❧ ❝❛♠♣♦ ✭Blimit = 0✮✳ ❉✉r❛♥t❡ ❡❧ ♣r✐♠❡r ❞í❛ ❞❡ ❡♠❡r❣❡♥❝✐❛

♣r❡s❡♥t❛ ✉♥ á♥❣✉❧♦ ❞❡ t✐❧t ♦♣✉❡st♦ ❛ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❡s♣❡r❛❞❛ ♣♦r ❧❛ ❧❡② ❞❡ ❏♦② q✉❡ ❧✉❡❣♦

s❡ ❝♦rr✐❣❡ ❛ ♠❡❞✐❞❛ q✉❡ ❧❛ r❡❣✐ó♥ ❛❧❝❛♥③❛ ❡❧ ✜♥❛❧ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ✭✈❡r ❡❧ s❡❣♠❡♥t♦

♥❡❣r♦ q✉❡ ✉♥❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❡♥ ❧♦s ♣❛♥❡❧❡s ✶✲❛ ② ✶✲❜✮✳ ▲❛ ✈❛r✐❛❝✐ó♥

❞❡❧ t✐❧t ✭∼ 70◦✮ ❡s ❝♦♥s✐st❡♥t❡ ❝♦♥ ✉♥❛ ❝❧❛r❛ ❝♦♥tr❛❝❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ② ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡ ❧❛ ▲■P ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ ❤❡❧✐❝✐❞❛❞ ♥❡❣❛t✐✈❛ ✭✈❡r ❝♦❧✉♠♥❛

✶ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✸✮✳ ❊♥ ❧❛ ❝♦❧✉♠♥❛ ✷ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✸ ♠♦str❛♠♦s ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧♦s

❜❛r✐❝❡♥tr♦s ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦ ❝❛❧❝✉❧❛❞♦s ❝♦♥ ✉♥ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦ ❞❡❧ ✼✺ ✪✳

❊♥ ❡st♦s ♠❛❣♥❡t♦❣r❛♠❛s ✐♥❞✐❝❛♠♦s ❝♦♥ ✉♥ ❝♦♥t♦r♥♦ ♥❡❣r♦ ❡❧ ár❡❛ q✉❡ ✐♥❝❧✉②❡ ❧♦s ♣í①❡❧❡s

✉t✐❧✐③❛❞♦s ❡♥ ❡❧ ❝á❧❝✉❧♦✳ P❛r❛ ❧❛ ♣r✐♠❡r❛ ♠✐t❛❞ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✱ ❝♦♠♣❛r❛♥❞♦ ❧♦s ♣❛♥❡❧❡s ❛

② ❜ ❞❡ ❝❛❞❛ ❝♦❧✉♠♥❛✱ ✈❡♠♦s q✉❡ ♥♦ ❤❛② ✉♥ ❝❛♠❜✐♦ s✐❣♥✐✜❝❛t✐✈♦ ❡♥ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦

❛❧ ✉s❛r ✉♥ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦✳ ❊st♦ ✐♥❞✐❝❛ q✉❡ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♣r❡❞♦♠✐♥❛♥ s♦❜r❡

❡❧ ✢✉❥♦ ❛①✐❛❧ ❞❡❧ t✉❜♦ ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❆✈❛♥③❛❞❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✱

❡❧ ✢✉❥♦ ❛①✐❛❧ ❝♦♠✐❡♥③❛ ❛ s❡r ❞♦♠✐♥❛♥t❡ ② ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s s❡ ❡st❛❜✐❧✐③❛

❛❝❡r❝á♥❞♦s❡ ❛ ❧❛ ♣♦s✐❝✐ó♥ ❡♥ ❡❧ ✢✉❥♦ ♠á①✐♠♦ ✭♣❛♥❡❧❡s ❝ ✕ ❡✮✳ ❊♥ ❡st❡ ❝❛s♦✱ ❧❛ ❝♦rr❡❝❝✐ó♥

❞❡❧ t✐❧t ❡s ♣❛r❝✐❛❧ ②❛ q✉❡ s❡ ♠❛♥t✐❡♥❡ ✉♥❛ ✐♠♣♦rt❛♥t❡ ✈❛r✐❛❝✐ó♥ ❞✉r❛♥t❡ ❧❛ ♣r✐♠❡r❛ ♣❛rt❡

❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✹ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆ ✾✵✼✵ ♦❜s❡r✈❛❞❛ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦

❋❡❜r❡r♦ ✷✵✶✼ ✶✹✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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1-a

1-b

1-c

1-d

1-e 2-e

2-d

2-c

2-b

2-a

❋✐❣✉r❛ ✻✳✸✿ ▼❛❣♥❡t♦❣r❛♠❛s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆ ✽✵✺✻ ✭◆✲✶✼◦✮ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❧❛ ❝♦❧✉♠♥❛ ✶ ♠♦str❛♠♦s ❧❛ ▲■P ✭❧í♥❡❛ ♥❡❣r❛✮ ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦

✭s❡❣♠❡♥t♦ ♥❡❣r♦✮ ❝❛❧❝✉❧❛❞♦s s♦❜r❡ t♦❞♦s ❧♦s ♣í①❡❧❡s ❞❡ ❧❛ ❘❆✳ ▲❛ ❝♦❧✉♠♥❛ ✷ ♠✉❡str❛

❧♦s ♠✐s♠♦s ♣❛rá♠❡tr♦s ❝❛❧❝✉❧❛❞♦s ❝♦♥ ✉♥ ✉♠❜r❛❧ ❞❡ ❝❛♠♣♦ ❞❡❧ ✼✺ ✪ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦

❡♥ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛✳ ▲♦s ❝♦♥t♦r♥♦s ♥❡❣r♦s ♠ás ❣r✉❡s♦s ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ❧❛

❝♦❧✉♠♥❛ ✷ ✐♥❞✐❝❛♥ ❡❧ ár❡❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛❧ ❝❛♠♣♦ ❧✐♠✐t❛❞♦ ♣♦r ❡❧ ✉♠❜r❛❧ ❞❡❧ ✼✺ ✪ ❞❡❧

✢✉❥♦ ♠á①✐♠♦✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✹✶ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

1-a

1-b

1-c

1-d

1-e 2-e

2-d

2-c

2-b

2-a

❋✐❣✉r❛ ✻✳✹✿ ▼❛❣♥❡t♦❣r❛♠❛s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛ ❘❆ ✾✵✼✵ ✭◆✲✶✼◦✮ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛✳ ❊♥ ❧❛ ❝♦❧✉♠♥❛ ✶ ♠♦str❛♠♦s ❧❛ ▲■P ✭❧í♥❡❛ ♥❡❣r❛✮ ② ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❜✐♣♦❧♦

✭s❡❣♠❡♥t♦ ♥❡❣r♦✮ ❝❛❧❝✉❧❛❞♦s s♦❜r❡ t♦❞♦s ❧♦s ♣í①❡❧❡s ❞❡ ❧❛ ❘❆✳ ▲❛ ❝♦❧✉♠♥❛ ✷ ♠✉❡str❛

❧♦s ♠✐s♠♦s ♣❛rá♠❡tr♦s ❝❛❧❝✉❧❛❞♦s ❝♦♥ ✉♥ ✉♠❜r❛❧ ❞❡ ❝❛♠♣♦ ❞❡❧ ✼✺ ✪ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦

❡♥ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛✳ ▲♦s ❝♦♥t♦r♥♦s ♥❡❣r♦s ♠ás ❣r✉❡s♦s ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ❧❛

❝♦❧✉♠♥❛ ✷ ✐♥❞✐❝❛♥ ❡❧ ár❡❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛❧ ❝❛♠♣♦ ❧✐♠✐t❛❞♦ ♣♦r ❡❧ ✉♠❜r❛❧ ❞❡❧ ✼✺ ✪ ❞❡❧

✢✉❥♦ ♠á①✐♠♦✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✹✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

(a) (b)

(c) (d)

❋✐❣✉r❛ ✻✳✺✿ ❊✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ② ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝❛❧❝✉❧❛❞♦s ❝♦♥ ❞✐st✐♥t♦s

✈❛❧♦r❡s ❞❡ ✉♠❜r❛❧ ♣❛r❛ ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❈❛❞❛ ❝♦❧♦r r❡♣r❡s❡♥t❛ ❡❧ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦

✉t✐❧✐③❛❞♦ ✭✵ ✪✿ ◆❡❣r♦✱ ✷✺ ✪✿ ❆③✉❧✱ ✺✵ ✪✿ ❘♦❥♦✱ ✼✺ ✪✿ ❆♠❛r✐❧❧♦✮✳ ❊st♦s r❡s✉❧t❛❞♦s ❝♦rr❡s✲

♣♦♥❞❡♥ ❛ ❧❛s ❘❆s ✽✵✺✻ ✭♣❛♥❡❧❡s ❛ ② ❝✮ ② ✾✵✼✵ ✭♣❛♥❡❧❡s ❜ ② ❞✮✳ ❊♥ ❧❛s ❋✐❣✉r❛s ✻✳✸ ② ✻✳✹

♠♦str❛♠♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❝♦♥ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❡st❛s r❡❣✐♦♥❡s✳

♥♦rt❡ ❞✉r❛♥t❡ ❝✉❛tr♦ ❞í❛s ❛ ❝♦♠✐❡♥③♦s ❞❡ ❥✉❧✐♦ ❞❡❧ ✷✵✵✵✳ ❈♦♠♦ ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✸✱ ❧❛ ❝♦❧✉♠♥❛

✶ ♠✉❡str❛ ❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ② ❧❛ ▲■P ❝❛❧❝✉❧❛❞♦s s✐♥ ✉s❛r ✉♥ ✉♠❜r❛❧ ♣❛r❛ ❡❧ ❝❛♠♣♦✳

❊♥ ❧♦s ♣❛♥❡❧❡s ✶✲❛ ❛ ✶✲❡✱ ♣♦❞❡♠♦s ✈❡r q✉❡ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t t✐❡♥❡ ✉♥❛ ♦r✐❡♥t❛❝✐ó♥ ❝♦♥tr❛r✐❛

❛ ❧❛ ❡s♣❡r❛❞❛ ❞❡ ❛❝✉❡r❞♦ ❛ ❧❛ ❧❡② ❞❡ ❏♦②✳ Pr❡s❡♥t❛ ✉♥❛ ❢✉❡rt❡ r♦t❛❝✐ó♥ ❤♦r❛r✐❛ ❞❡❧ ❜✐♣♦❧♦

❞❡ ✉♥♦s ∼ 55◦ ② ✉♥❛ ❝♦♥✜❣✉r❛❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦

❝♦♥ ❤❡❧✐❝✐❞❛❞ ♥❡❣❛t✐✈❛✳ ❊❧ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦✱ ✜❥❛❞♦ ❛❧ ✼✺ ✪✱ ❝♦❧✉♠♥❛ ✷ ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✹✱

♣r♦❞✉❝❡ ✉♥ ❝❛♠❜✐♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❡ ❧❛ ✐♥❝❧✐♥❛❝✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ ❜✐♣♦❧♦ ❞❡s❞❡ ❡❧ ❝♦♠✐❡♥③♦ ❞❡

❧❛ ❡♠❡r❣❡♥❝✐❛ ❤❛st❛ ❡❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦✳ P❛r❛ ❡st❡ ❝❛s♦✱ ❡❧ ✢✉❥♦ ❛①✐❛❧ ❞♦♠✐♥❛

s♦❜r❡ ❡❧ ✢✉❥♦ ♣r❡s❡♥t❡ ❡♥ ❧❛s ❧❡♥❣✉❛s ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✺ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭♣❛♥❡❧❡s ❛ ② ❜✮ ② ❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ✭♣❛♥❡❧❡s ❝ ② ❞✮ ❝❛❧❝✉❧❛❞♦s ❝♦♥ ❞✐st✐♥t♦s ✉♠❜r❛❧❡s ❞❡ ❝❛♠♣♦ ♣❛r❛ ❧❛s ♠✐s♠❛s

r❡❣✐♦♥❡s✳ ❱❡♠♦s q✉❡ ❧❛ ❝♦rr❡❝❝✐ó♥ ♣❛r❝✐❛❧ ❞❡❧ t✐❧t ♦❝✉rr❡ ❧✉❡❣♦ ❞❡❧ ✷✺ ❞❡ ❥✉♥✐♦ ♣❛r❛ ❧❛ ❘❆

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✹✸ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

✽✵✺✻ ② q✉❡ ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♠❛♥t✐❡♥❡♥ ✉♥❛ ❝❧❛r❛ r♦t❛❝✐ó♥

✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧ ✉♠❜r❛❧ ❞❡ ❝❛♠♣♦ ✉t✐❧✐③❛❞♦ ✭✈❡r ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❞❡ ∼ 70◦ ❡♥

❧❛ ❋✐❣✉r❛ ✻✳✺❝✮✳ ❆❧ ✐♥s♣❡❝❝✐♦♥❛r ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ✈❡♠♦s q✉❡ ❡♥ ❡st❡ ❝❛s♦ ❡❧ ♠ét♦❞♦

❡s ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛ r❡♠♦✈❡r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ ②❛ q✉❡ ❛❧ ❝♦♠✐❡♥③♦

❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ✭♣❛♥❡❧ ✷✲❛ ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✸✮✱ ❡❧ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦ ❧✐♠✐t❛ ❡❧ ❝á❧❝✉❧♦ ❞❡

❧♦s ❜❛r✐❝❡♥tr♦s ❛❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✳ ❙ó❧♦ ❞❡s♣✉és ❞❡ s✉♣❡r❛r ❧❛ ♠✐t❛❞ ❞❡ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛ ✭♣❛♥❡❧ ✷✲❝ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✸✮✱ ✈❡♠♦s q✉❡ ❝♦♥ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ✉♠❜r❛❧ s❡ ❧♦❣r❛

✉♥❛ s❡❧❡❝❝✐ó♥ ❛❝♦t❛❞❛ ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ♠á①✐♠♦✳ ▲❛ ❝♦rr❡❝❝✐ó♥ ♠✉❡str❛ s❡r ✐♠♣♦rt❛♥t❡ ❡♥

❡❧ ❝❛s♦ ❞❡ ❧❛ ❘❆ ✾✵✼✵ ♦❜t❡♥✐❡♥❞♦ ✈❛❧♦r❡s ❞❡❧ t✐❧t ♠ás ❝❡r❝❛♥♦s ❛ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ✜♥❛❧ ❞❡

❜✐♣♦❧♦ ❞✉r❛♥t❡ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ t✐❧t ❡s

s✐♠✐❧❛r ♣❛r❛ t♦❞♦s ❧♦s ♣♦r❝❡♥t❛❥❡s ❞❡ ✉♠❜r❛❧ s✉❣✐r✐❡♥❞♦ ✉♥❛ r♦t❛❝✐ó♥ ✐♥trí♥s❡❝❛ ❞❡❧ ❡❥❡

❞❡❧ t✉❜♦ ✭❋✐❣✉r❛ ✻✳✺❞✮✳

❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❢❛❧❧❛ ❛❧ ♠♦♠❡♥t♦ ❞❡ s✉♣♦♥❡r q✉❡ ❧❛ ✐♥✢✉❡♥❝✐❛ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ ❡♥ ❧❛

❞✐str✐❜✉❝✐ó♥ ❞❡ ✢✉❥♦ ❢♦t♦s❢ér✐❝♦✱ ❡s ♠❡♥♦r q✉❡ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ❞❡❧ t✉❜♦✳

❊st♦ ♥♦ ❡s ♥❡❝❡s❛r✐❛♠❡♥t❡ ✈á❧✐❞♦ ❞✉r❛♥t❡ ❧❛ ♣r✐♠❡r❛ ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊♥

✈❛r✐♦s ❝❛s♦s ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❞♦♠✐♥❛ s♦❜r❡ ❡❧ ✢✉❥♦ ❛①✐❛❧ ❡♥ ❛❧ ♠❡♥♦s ❡❧ ✺✵ ✪ ❞❡

❧❛ ❡♠❡r❣❡♥❝✐❛✱ ❞❡t❡r♠✐♥❛♥❞♦ ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ②✱ ♣♦r ❧♦

t❛♥t♦✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝❛❧❝✉❧❛❞♦✳

✻✳✷✳✷✳ ❉✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s

❆ ❝♦♥t✐♥✉❛❝✐ó♥ ❞❡s❝r✐❜✐♠♦s ♦tr♦ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣❛r❛ ✐❞❡♥t✐✜❝❛r ❛✉t♦♠át✐❝❛♠❡♥t❡ ❧❛

❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❛①✐❛❧ ❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ❞❡ ❧❛s ❘❆s✳

❊❧ ♦❜❥❡t✐✈♦ ❡s ♥✉❡✈❛♠❡♥t❡ r❡❞✉❝✐r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦

❞❡ t✐❧t ❛ ❧♦ ❧❛r❣♦ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❈♦♠♦ ✈✐♠♦s ❡♥ ❧❛ s❡❝❝✐ó♥ ❛♥t❡r✐♦r✱ ❡❧ ✢✉❥♦

❞❡ ❧❛s ❧❡♥❣✉❛s ♣✉❡❞❡ s❡r ❞♦♠✐♥❛♥t❡ s♦❜r❡ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ❞❡❧ t✉❜♦✱ ♣♦r ❧♦

t❛♥t♦✱ ❝♦♥ ❡st❡ ♣r♦❝❡❞✐♠✐❡♥t♦ ❜✉s❝❛♠♦s r❡❝♦♥♦❝❡r ❞❡ ♠❛♥❡r❛ ❛♣r♦①✐♠❛❞❛ ❧❛ ✉❜✐❝❛❝✐ó♥

❞❡ ❧♦s ♣í①❡❧❡s ❛s♦❝✐❛❞♦s ❛ ❧❛s ❧❡♥❣✉❛s ♣❛r❛ ♦♠✐t✐r❧♦s ❡♥ ❡❧ ❝á❧❝✉❧♦ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡

❧❛s ♣♦❧❛r✐❞❛❞❡s✳

❊♥ ♣r✐♠❡r ❧✉❣❛r✱ ❞❡✜♥✐♠♦s ❡❧ ❝❡♥tr♦ ❞❡ ❧❛ ❘❆ ❝♦♠♦ ❡❧ ♣✉♥t♦ ❞❡ ✐♥t❡rs❡❝❝✐ó♥ ❡♥tr❡ ❧❛

▲■P ② ❡❧ s❡❣♠❡♥t♦ q✉❡ ✉♥❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳ ❆ ♣❡s❛r ❞❡ q✉❡ ❧❛ ♣♦s✐❝✐ó♥

❋❡❜r❡r♦ ✷✵✶✼ ✶✹✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

❞❡ ❡st❡ ♣✉♥t♦ ✈❛rí❛ ❡♥ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛ ❛❧ s❡r ❛❢❡❝t❛❞♦ ♣♦r ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s✱

❧♦ ✉s❛♠♦s ❝♦♠♦ ❡❧ ❝❡♥tr♦ ❞❡ ✢✉❥♦ ❛♣r♦①✐♠❛❞♦ ❞❡ ❧❛ r❡❣✐ó♥ ②❛ q✉❡ ♣✉❡❞❡ s❡r ❝❛❧❝✉❧❛❞♦

❞❡ ♠❛♥❡r❛ ❛✉t♦♠át✐❝❛ ② ❛❞❡♠ás ♥♦s ❛s❡❣✉r❛ ✉♥❛ s❡♣❛r❛❝✐ó♥ ❝❧❛r❛ ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞ ❡♥

❡❧ ❛♥á❧✐s✐s s✉❜s✐❣✉✐❡♥t❡✳ ▲✉❡❣♦ r❡❛❧✐③❛♠♦s ✉♥ ❛♥á❧✐s✐s ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ❞❡ ❧❛ ❘❆ ❡♥ t♦r♥♦ ❛ ❡st❡ ♣✉♥t♦ ❝❛❧❝✉❧❛♥❞♦ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ s♦❜r❡ s❡❝❝✐♦♥❡s

tr✐❛♥❣✉❧❛r❡s ❝♦♥ ✉♥ ❛♥❝❤♦ ❛♥❣✉❧❛r ❞❡ ∆θ ∼ 7◦ ② r❛❞✐♦ R ✈❛r✐❛❜❧❡ ❡♥ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛✳

❚♦♠❛♠♦s ❡❧ ✈❛❧♦r ❞❡ R ❝♦♠♦ 1,5SRA✱ ❡♥ ❞♦♥❞❡ SRA ❡s ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❧♦s ❜❛r✐❝❡♥tr♦s

♦❜t❡♥✐❞❛ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✸✳✷✮✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✻ ♠♦str❛♠♦s ✉♥ ❡❥❡♠♣❧♦ ❞❡ ❡st❛ s❡❝❝✐ó♥ ❛♥❣✉❧❛r s♦❜r❡ ✉♥ ♠❛❣♥❡✲

t♦❣r❛♠❛ ❞❡ ❧❛ ❘❆ ✽✵✺✻✳ ❉❡✜♥✐♠♦s ❧❛ ♣♦s✐❝✐ó♥ ❛♥❣✉❧❛r ✭θ✮ ❞❡ ❡st❛ s❡❝❝✐ó♥ r❡s♣❡❝t♦ ❞❡

❧❛ ❞✐r❡❝❝✐ó♥ ❡st❡✲♦❡st❡ ② r❡❛❧✐③❛♠♦s ✉♥ ❜❛rr✐❞♦ ❡♥ t♦r♥♦ ❛❧ ♣✉♥t♦ ❝❡♥tr❛❧ ❝♦♥ ♣❛s♦s ❞❡

θstep ∼ 3,6◦✱ r❡❣✐str❛♥❞♦ ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ✶✵✵ s❡❝❝✐♦♥❡s q✉❡ q✉❡✲

❞❛♥ ❞❡✜♥✐❞❛s ❛❧r❡❞❡❞♦r ❞❡❧ ❝❡♥tr♦✳ ❊s❝♦❣✐♠♦s ❡❧ ♣❛s♦ θstep ❞❡ ♠❛♥❡r❛ t❛❧ q✉❡ s❡❛ ❧❛

♠✐t❛❞ ❞❡❧ ❛♥❝❤♦ ❛♥❣✉❧❛r ∆θ ♣❛r❛ s✉♣❡r♣♦♥❡r ❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝❛❧❝✉❧❛❞♦ ❡♥tr❡ s❡❝❝✐♦✲

♥❡s ❛❞②❛❝❡♥t❡s ② s✉❛✈✐③❛r ❛sí ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ♦❜t❡♥✐❞❛✳ ❊♥ ❡❧ ♣❛♥❡❧ ❞❡r❡❝❤♦ ❞❡

❧❛ ❋✐❣✉r❛ ✻✳✻ ♠♦str❛♠♦s ✉♥ ❡❥❡♠♣❧♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ♦❜t❡♥✐❞❛ ♣❛r❛ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛

q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ❘❆ ✽✵✺✻✳ ❊♥t♦♥❝❡s✱ ♣❛r❛ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛ ♦❜t❡♥❡♠♦s ✉♥ ❣rá✜❝♦

❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❝❛❧❝✉❧❛❞♦ ❡♥ ❝❛❞❛ ✉♥❛ ❞❡ ❡st❛s s❡❝❝✐♦♥❡s ❛♥❣✉❧❛r❡s

❡♥ ❢✉♥❝✐ó♥ ❞❡❧ á♥❣✉❧♦ θ ✭q✉❡ ✐♥❞✐❝❛ ❧❛ ❞✐r❡❝❝✐ó♥ ❝❡♥tr❛❧ ❞❡ ❝❛❞❛ s❡❝❝✐ó♥ r❡s♣❡❝t♦ ❞❡ ❧❛

❞✐r❡❝❝✐ó♥ ❊✲❖✮✳ ❙♦❜r❡ ❡st♦s ❣rá✜❝♦s ❜✉s❝❛♠♦s ✐❞❡♥t✐✜❝❛r ❞❡ ♠❛♥❡r❛ ❛✉t♦♠át✐❝❛ ❧♦s ♣✐❝♦s

q✉❡ ❝♦rr❡s♣♦♥❞❡♥ ❛❧ ✢✉❥♦ ❛①✐❛❧ ② ❛❧ ❛③✐♠✉t❛❧ ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞✳

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

q✉❡ ❝♦♥s✐st❡ ❡♥ ✜❥❛r ❡❧ ✈❛❧♦r ❞❡ t♦❞♦s ❧♦s ♣í①❡❧❡s ❡①t❡r✐♦r❡s ❛❧ r❡❝tá♥❣✉❧♦ ❞❡ s❡❧❡❝❝✐ó♥ ❞❡

❧❛ ❘❆ ❛ ❝❡r♦ ✭❡s ❡❧ ♠✐s♠♦ r❡❝tá♥❣✉❧♦ ❞❡✜♥✐❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✸✳✶✮✳ ❚❛♠❜✐é♥ ✜❥❛♠♦s ❛ ❝❡r♦

t♦❞♦s ❧♦s ♣í①❡❧❡s q✉❡ t✐❡♥❡♥ ✉♥ ✈❛❧♦r ♦♣✉❡st♦ ❛❧ ❝❛♠♣♦ q✉❡ ❞❡✜♥❡ ❧❛ ▲■P✳ ❊st♦ ú❧t✐♠♦ ❧♦

❤❛❝❡♠♦s ♣❛r❛ ♥♦ t❡♥❡r ♣í①❡❧❡s ❝♦♥ ✢✉❥♦ ♣♦s✐t✐✈♦ ② ♥❡❣❛t✐✈♦ ❞❡♥tr♦ ❞❡ ✉♥❛ ♠✐s♠❛ s❡❝❝✐ó♥

❛♥❣✉❧❛r✳ ▲✉❡❣♦ ❤❛❝❡♠♦s ✉♥❛ tr❛♥s❢♦r♠❛❝✐ó♥ ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❛ ❝♦♦r❞❡♥❛❞❛s ♣♦❧❛r❡s

[r, θ] ② ❝♦♥str✉✐♠♦s ✉♥ ♠❛♣❛ ♣❡r✐ó❞✐❝♦ ❡♥ ❡st❛s ❝♦♦r❞❡♥❛❞❛s✳ ❉❡ ❡st❛ ♠❛♥❡r❛ ❡❧ ✢✉❥♦

♠❛❣♥ét✐❝♦ ❞❡♥tr♦ ❞❡ ❝❛❞❛ s❡❝❝✐ó♥ ❛♥❣✉❧❛r ❡s ❝❛❧❝✉❧❛❞♦ ❞❡♥tr♦ ❞❡ r❡❝tá♥❣✉❧♦s ✭r, θ(i)✮

s♦❜r❡ ❡st❡ ♠❛♣❛ t❛❧ q✉❡✿

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✹✺ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

θ(i)

F
lu

jo
 m

a
g
n
é
ti

c
o
 [

M
x
]

[Deg]

❋✐❣✉r❛ ✻✳✻✿ ■③q✉✐❡r❞❛✿ ▼❛❣♥❡t♦❣r❛♠❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆

✽✵✺✻✳ ❊❧ tr✐á♥❣✉❧♦ ♥❡❣r♦ ♠✉❡str❛ ❧❛ s❡❝❝✐ó♥ ❛♥❣✉❧❛r ✭∆θ✮ ❞❡♥tr♦ ❞❡ ❧❛ ❝✉❛❧ r❡❛❧✐③❛♠♦s

❡❧ ❝á❧❝✉❧♦ ❞❡❧ ✢✉❥♦ ❡♥ ✉♥ ♣❛s♦ θ(i)✳ ▲❛ ❝✐r❝✉♥❢❡r❡♥❝✐❛ ♠✉❡str❛ ❡❧ ❧í♠✐t❡ r❛❞✐❛❧ ❞❡❧ ❝á❧❝✉❧♦

✜❥❛❞♦✱ ♣❛r❛ ❡st❡ ❝❛s♦✱ ❝♦♠♦ ❡❧ ❞♦❜❧❡ ❞❡ ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❧♦s ❜❛r✐❝❡♥tr♦s✳ ❉❡r❡❝❤❛✿ ●rá✜❝♦

❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ t♦r♥♦ ❛❧ ❝❡♥tr♦ ❞❡ ❧❛ ❘❆✳ ❊❧ ❝❡♥tr♦ ❞❡ ❧❛

❘❆ ❡st❛ ❞❡✜♥✐❞♦ ♣♦r ❧❛ ✐♥t❡rs❡❝❝✐ó♥ ❡♥tr❡ ❧❛ ▲■P ② ❡❧ s❡❣♠❡♥t♦ q✉❡ ✉♥❡ ❧♦s ❜❛r✐❝❡♥tr♦s

❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳

0 ≤ r ≤ R y θ(i) −∆θ/2 ≤ θ(i) ≤ θ(i) +∆θ/2, ✭✻✳✷✮

❡♥ ❞♦♥❞❡ θ(i) ❡s ❡❧ ♣❛s♦ ❛♥❣✉❧❛r i−és✐♠♦ q✉❡ ✈❛rí❛ ❡♥tr❡ θ(0) ② θ(0) + 360◦✳ ❊♥ t♦❞♦s ❧♦s

♠❛❣♥❡t♦❣r❛♠❛s✱ t♦♠❛♠♦s ❧❛ ♣♦s✐❝✐ó♥ ❛♥❣✉❧❛r ✐♥✐❝✐❛❧✱ θ(0)✱ ❝♦♠♦ ❡❧ á♥❣✉❧♦ q✉❡ ❞❡✜♥❡ ❧❛

❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ▲■P✳

❯♥❛ ✈❡③ ❝❛❧❝✉❧❛❞♦ ❡❧ ✢✉❥♦ ❛✈❛♥③❛♠♦s ❡❧ ♣❛s♦ ❡♥ ❧❛ ♠✐t❛❞ ❞❡❧ ❛♥❝❤♦ ❛♥❣✉❧❛r ❞❡ ❧❛

s❡❝❝✐ó♥ ❤❛st❛ ❝♦♠♣❧❡t❛r ✉♥ ❝✐❝❧♦ ❡♥ t♦r♥♦ ❛❧ ♣✉♥t♦ ❝❡♥tr❛❧✳ ❊st❡ ♣r♦❝❡❞✐♠✐❡♥t♦ ❡s ❛♣❧✐❝❛❞♦

❛ t♦❞♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s q✉❡ ❝♦rr❡s♣♦♥❞❡♥ ❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆✳ P♦r ❧♦ t❛♥t♦✱

♣❛r❛ ❝❛❞❛ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ✉♥❛ ❘❆ t❡♥❞r❡♠♦s ✉♥❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r

❞❡❧ ✢✉❥♦ ❝♦♠♦ ❧❛s ♠♦str❛❞❛s ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✼✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✼ ♠♦str❛♠♦s ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣❛r❛ ❞♦s

♠❛❣♥❡t♦❣r❛♠❛s ❞✐st✐♥t♦s ❞❡ ❧❛ ❘❆ ✽✵✺✻✳ ❯s❛♥❞♦ ❡❧ ♠✐s♠♦ ♣❛tró♥ ❞❡ ❝♦❧♦r❡s q✉❡ ❡♥ ❧♦s

♠❛❣♥❡t♦❣r❛♠❛s r❡♣r❡s❡♥t❛♠♦s ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❞✐❢❡r❡♥t❡s ♣♦❧❛r✐❞❛❞❡s✱ ❝♦♥ r♦❥♦ ② ❛③✉❧ ❡❧

❋❡❜r❡r♦ ✷✵✶✼ ✶✹✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

(a)

(b)

axial
lenguas

axial
lenguas?

axial

lenguas?

axial

lenguas?

❋✐❣✉r❛ ✻✳✼✿ ❉✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ t♦r♥♦ ❛❧ ❝❡♥tr♦ ❞❡ ❧❛ ❘❆ ✽✵✺✻ ♣❛r❛

❞♦s t✐❡♠♣♦s ❞✐st✐♥t♦s ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ▲♦s ❝♦❧♦r❡s ❞❡ ❧❛s ❝✉r✈❛s ❝♦rr❡s♣♦♥❞❡♥

❛❧ ❜❛rr✐❞♦ ❛♥❣✉❧❛r s♦❜r❡ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✱ ❡♥ r♦❥♦ ♣❛r❛ ❧❛ ♣♦s✐t✐✈❛ ② ❡♥ ❛③✉❧

♣❛r❛ ❧❛ ♥❡❣❛t✐✈❛✳ ▲❛s ❧í♥❡❛s ✈❡rt✐❝❛❧❡s ♥❡❣r❛s ♠✉❡str❛♥ ❡❧ á♥❣✉❧♦ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛

▲■P✳ ▲♦s ❛st❡r✐s❝♦s ♥❡❣r♦s ✐♥❞✐❝❛♥ ❧❛ ♣♦s✐❝✐ó♥ ❞❡❧ ♣✐❝♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥

❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛①✐❛❧✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✹✼ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

✢✉❥♦ ♠❛❣♥ét✐❝♦ ♣♦s✐t✐✈♦ ② ❡❧ ♥❡❣❛t✐✈♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲❛s ❝✉r✈❛s ❢✉❡r♦♥ s✉❛✈✐③❛❞❛s ❝♦♥

❡❧ ✉s♦ ❞❡ s♣❧✐♥❡s ♣❛r❛ ❡❧✐♠✐♥❛r ❞✐s❝♦♥t✐♥✉✐❞❛❞❡s ❡♥tr❡ ❧♦s ❞✐st✐♥t♦s ♣❛s♦s ❛♥❣✉❧❛r❡s✳ ❊❧

s✉❛✈✐③❛❞♦ ♥♦s ♣❡r♠✐t❡ ✐❞❡♥t✐✜❝❛r ❧♦s ♣✐❝♦s ❞❡ ❧❛ ❝✉r✈❛ ✉s❛♥❞♦ ❧❛ ❞❡r✐✈❛❞❛ ♦❜t❡♥✐❞❛ ❝♦♥

✉♥❛ ✐♥t❡r♣♦❧❛❝✐ó♥ ▲❛❣r❛♥❣✐❛♥❛ ❞❡ tr❡s ♣✉♥t♦s ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥✳ ❖❜t❡♥❡♠♦s ❧♦s ❡①tr❡♠♦s

❞❡ ❧❛ ❞❡r✐✈❛❞❛ ❝♦♥ ✉♥ ♠ét♦❞♦ ❞❡ ❜✐s❡❝❝✐ó♥ ❡ ✐❞❡♥t✐✜❝❛♠♦s ❛q✉❡❧❧♦s ❝♦♥ ♠❛②♦r ✐♥t❡♥s✐❞❛❞

❞❡ ✢✉❥♦ ❡♥ ❝❛❞❛ ♣♦❧❛r✐❞❛❞✳ ❊♥ ❡❧ ❝❛s♦ ❞❡ ❡♥❝♦♥tr❛r ♠ás ❞❡ ✉♥ ♠á①✐♠♦✱ ❝♦♠♦ ❡♥ ❧❛

♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✼❛✱ ❝♦♥s❡r✈❛♠♦s ❧♦s ❞♦s ❝♦♥ ♠❛②♦r ✢✉❥♦ ♣❛r❛ ❞❡✜♥✐r ✉♥

❝r✐t❡r✐♦ q✉❡ ♣❡r♠✐t❛ ❞✐st✐♥❣✉✐r ❡♥tr❡ ❧❛ ❝♦♥tr✐❜✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ② ❛③✐♠✉t❛❧✳

❊♥ ❡❧ ❡❥❡♠♣❧♦ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✼ ✈❡♠♦s q✉❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦ ♣✉❡❞❡

t❡♥❡r ✉♥ ú♥✐❝♦ ♣✐❝♦ ♣❛r❛ ❝❛❞❛ ♣♦❧❛r✐❞❛❞ ✭✈❡r ❡❧ ♠á①✐♠♦ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛ ♣♦❧❛r✐❞❛❞

♥❡❣❛t✐✈❛ ❡♥ ❛♠❜♦s ♣❛♥❡❧❡s✮✳ P❛r❛ ❡st♦s ❝❛s♦s ❡s ♥❡❝❡s❛r✐♦ ❞❡✜♥✐r ✉♥ ❝r✐t❡r✐♦ q✉❡ ♥♦s

♣❡r♠✐t❛ ❞❡❧✐♠✐t❛r ❧❛ ❡①t❡♥s✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ② ❞❡ ❡st❛ ♠❛♥❡r❛ r❡❞✉❝✐r ❡❧ ❡❢❡❝t♦

❞❡ ❧❛s ❧❡♥❣✉❛s✳ ❆♣❧✐❝❛♠♦s ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❛❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥

t✉❜♦ t♦r♦✐❞❛❧ ♣❛r❛ ♣♦♥❡r ❛ ♣r✉❡❜❛ ❞✐st✐♥t♦s ❝r✐t❡r✐♦s ❞❡ s❡❧❡❝❝✐ó♥✳ ❈ó♠♦ ✈❡♠♦s ❡♥ ❧❛

❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✽ ✭♣❛♥❡❧❡s ❜ ② ❞✮✱ ❡♥ ❡st❡ ❝❛s♦ t❡♥❡♠♦s ✉♥

ú♥✐❝♦ ♣✐❝♦ ❝❧❛r♦ ✉❜✐❝❛❞♦ ❡♥ θmax ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❡♠❡r❣❡♥❝✐❛ q✉❡ ✈❛ ❞❡s♣❧❛③á♥❞♦s❡ ❛

♠❡❞✐❞❛ q✉❡ ❡❧ t✉❜♦ ❡♠❡r❣❡✳ P❛r❛ ❡st❛ s✐t✉❛❝✐ó♥ ♥♦ ❡s ♣♦s✐❜❧❡ r❡♠♦✈❡r t♦t❛❧♠❡♥t❡ ❡❧ ✢✉❥♦

❞❡ ❧❛s ❧❡♥❣✉❛s ② ❧❛ ❝♦rr❡❝❝✐ó♥ s❡rá só❧♦ ♣❛r❝✐❛❧✳ ▲♦ q✉❡ ❤❛❝❡♠♦s ♣❛r❛ ❧✐♠✐t❛r ❧❛ ✐♥✢✉❡♥❝✐❛

❞❡ ❧❛s ❧❡♥❣✉❛s ❡s ❝♦♥s❡r✈❛r ✉♥ ❛♥❝❤♦ ❛♥❣✉❧❛r ❡♥ t♦r♥♦ ❛ ❡st❡ á♥❣✉❧♦ ❞❡ ✢✉❥♦ ♠á①✐♠♦✱

❛❝♦t❛♥❞♦ ❧♦s ♣í①❡❧❡s ❝♦♥s✐❞❡r❛❞♦s ❡♥ ❡❧ ❝á❧❝✉❧♦ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s✳ ❊s❝♦❣❡♠♦s ❡st❛ ❝♦t❛

❞❡ ♠❛♥❡r❛ q✉❡ ❧♦s ✈❛❧♦r❡s ❛❧r❡❞❡❞♦r ❞❡❧ ♣✐❝♦ t❡♥❣❛♥ ✉♥ ✢✉❥♦ s✉♣❡r✐♦r ❛❧ ✼✵ ✪ ❞❡❧ ✢✉❥♦ ❞❡

❧❛ ❞✐str✐❜✉❝✐ó♥ ❡♥ θmax✳ ❉❡❜✐❞♦ ❛ ❧❛ ♦❜❧✐❝✉✐❞❛❞ ❞❡ ❧❛ ❝✉r✈❛✱ ❡♥ ❡s♣❡❝✐❛❧ ♣❛r❛ ❧❛s ♣r✐♠❡r❛s

❡♠❡r❣❡♥❝✐❛s ✭✈❡r ❧❛ ❋✐❣✉r❛ ✻✳✽❜✮✱ ✈❛♠♦s ❛ t❡♥❡r ❞♦s ❛♥❝❤♦s ❛♥❣✉❧❛r❡s ❞✐st✐♥t♦s ❛ ❝❛❞❛

❧❛❞♦ ❡❧ ♠á①✐♠♦ ✭∆θleft ② ∆θright✮✳ ❊♥tr❡ ❡st♦s✱ ❡❧❡❣✐♠♦s ❡❧ ♠❡♥♦r ② ❞❡✜♥✐♠♦s ❧❛ s❡❝❝✐ó♥

❛♥❣✉❧❛r [θmax −∆θmax, θmax + ∆θmax]✱ q✉❡ ❞❡❧✐♠✐t❛ ❡❧ ár❡❛ ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛ s♦❜r❡ ❧❛

q✉❡ r❡❛❧✐③❛♠♦s ❡❧ ❝á❧❝✉❧♦ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞✳

❙✉♣♦♥❡♠♦s ❡♥t♦♥❝❡s q✉❡ ❡❧ á♥❣✉❧♦ ♦❜t❡♥✐❞♦ θmax r❡♣r❡s❡♥t❛ ❧❛ ❞✐r❡❝❝✐ó♥ ❡♥ ❧❛ ❝✉❛❧

s❡ ❡♥❝✉❡♥tr❛ ❡❧ ♠á①✐♠♦ ❞❡❧ ✢✉❥♦ ❛①✐❛❧✳ ❊❧ ❛♥❝❤♦ ❛♥❣✉❧❛r ∆θmax ✐♥❞✐❝❛ q✉❡ t❛♥ ❞✐s♣❡rs♦

❡stá ❡❧ ✢✉❥♦ ❛①✐❛❧ ❛ ❧♦ ❧❛r❣♦ ❛ ❡st❛ ❞✐r❡❝❝✐ó♥✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✽ ✭♣❛♥❡❧❡s ❛ ② ❝✮ ♠♦str❛♠♦s

✉♥ ❡❥❡♠♣❧♦ ❞❡❧ ár❡❛ ♦❜t❡♥✐❞❛ ♣❛r❛ ❝❛❞❛ ♣♦❧❛r✐❞❛❞ ❡♥ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ❞❡❧

❋❡❜r❡r♦ ✷✵✶✼ ✶✹✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

(a)

(c)

(b)

(d)

θmaxθmax
Δθ Δθ

2Δθ

2Δθ

2Δθ
2Δθ

θmax

Δθ

θmax

Δθ

❋✐❣✉r❛ ✻✳✽✿ ❆♣❧✐❝❛❝✐ó♥ ❞❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ❝♦rr❡❝❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❛❧ ♠♦❞❡❧♦ ❛♥❛✲

❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ Ω ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ❊♥ ❧♦s ♣❛♥❡❧❡s ✭❛✮ ②

✭❝✮ ♠♦str❛♠♦s ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s ✐♥❞✐❝❛♥❞♦ ❛ s✉ ✈❡③ ❧❛ s❡❝❝✐ó♥ ❛♥❣✉❧❛r ✜♥❛❧

s♦❜r❡ ❧❛ q✉❡ s❡ ❝❛❧❝✉❧❛♥ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞✳ ❊♥ ✭❜✮ ② ✭❞✮ ♠♦str❛♠♦s ❧❛

❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ t♦r♥♦ ❛❧ ❝❡♥tr♦ ❞❡ ❧❛ ❘❆ ♣❛r❛ ❧♦s ♠❛❣♥❡t♦❣r❛✲

♠❛s ❞❡ ❧♦s ♣❛♥❡❧❡s ✭❛✮ ② ✭❝✮ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲♦s ❝♦❧♦r❡s ❞❡ ❧❛s ❝✉r✈❛s ❝♦rr❡s♣♦♥❞❡♥ ❛❧

❜❛rr✐❞♦ ❛♥❣✉❧❛r s♦❜r❡ ❝❛❞❛ ✉♥❛ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✱ ❡♥ r♦❥♦ ♣❛r❛ ❧❛ ♣♦s✐t✐✈❛ ② ❡♥ ❛③✉❧ ♣❛r❛

❧❛ ♥❡❣❛t✐✈❛✳ ▲❛s ❧í♥❡❛s ✈❡rt✐❝❛❧❡s ♥❡❣r❛s ♠✉❡str❛♥ ❡❧ á♥❣✉❧♦ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛ ▲■P✳

▲❛s ❧í♥❡❛s ✈❡rt✐❝❛❧❡s ❛③✉❧❡s ② r♦❥❛s ❝♦rr❡s♣♦♥❞❡♥ ❛❧ á♥❣✉❧♦ θ ❡♥ ❞♦♥❞❡ ❡❧ ✢✉❥♦ ❜❛rr✐❞♦ ❡s

♠á①✐♠♦✳ ■♥❞✐❝❛♠♦s ❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r✱ ❡❧ ❛♥❝❤♦ ❛♥❣✉❧❛r ✭∆θ✮ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡❧

❝á❧❝✉❧♦ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s s♦♠❜r❡❛❞♦ ❡♥ ❧❛ ✜❣✉r❛ ❝♦♥ ❡❧ ❝♦❧♦r ❝♦rr❡s♣♦♥❞✐❡♥t❡✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✹✾ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

TIMESTEP

❋✐❣✉r❛ ✻✳✾✿ ❘❡s✉❧t❛❞♦ ❞❡ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ♠ét♦❞♦ ❞❡ ❝♦rr❡❝❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♣❛r❛

❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ Ω ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✳ ❊♥ ❝❛❞❛

♣❛♥❡❧ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ✭❡♥ ♠❛❣❡♥t❛✱ r❡❢❡r❡♥❝✐❛ ❛❧ ❡❥❡ ✈❡rt✐❝❛❧

❞❡r❡❝❤♦✮✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t s✐♥ ❝♦rr❡❣✐r ✭❡♥ ♥❡❣r♦✮ ② ❡❧ á♥❣✉❧♦ ❝♦rr❡❣✐❞♦ ✭❡♥ r♦❥♦✮✳ ❊❥❡♠♣❧♦s

❞❡ ❧❛ s❡❧❡❝❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ② ❡❧ ❛♥❝❤♦ ❛♥❣✉❧❛r ❛❧r❡❞❡❞♦r ❞❡ θmax s❡ ♠✉❡str❛♥

❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✽✳

♠♦❞❡❧♦✳ ❙♦❜r❡ ❡st❛s s❡❝❝✐♦♥❡s ❛♥❣✉❧❛r❡s ❝❛❧❝✉❧❛♠♦s ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ② ❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ❝♦rr❡❣✐❞♦ ♣♦r ❧❛ ✐♥✢✉❡♥❝✐❛ ❞❡ ❧❛s ❧❡♥❣✉❛s✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✾ ✈❡♠♦s q✉❡ ❞❡

❡st❛ ♠❛♥❡r❛ ❡❧ t✐❧t ❡s ❝♦rr❡❣✐❞♦ ♣❛r❝✐❛❧♠❡♥t❡✱ ②❛ q✉❡ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ ❛♠❜❛s ❝✉r✈❛s ❡s

❞❡ ∼ 4◦ ❡♥ ❧❛ ♣r✐♠❡r❛ ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❆❧ ♥♦ ♣♦❞❡r ❞✐s❝r✐♠✐♥❛r ❡♥tr❡ ❛♠❜❛s

❝♦♠♣♦♥❡♥t❡s ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ♣r♦②❡❝t❛❞❛s ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ✈❡rt✐❝❛❧✱ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❝❛❞❛

♣♦❧❛r✐❞❛❞ ❡st❛rá♥ ❞❡t❡r♠✐♥❛❞♦s ♣♦r ✉♥ ♣r♦♠❡❞✐♦ ❞❡ ❛♠❜❛s ❝♦♥tr✐❜✉❝✐♦♥❡s✳ ▲❛ ❧✐♠✐t❛❝✐ó♥

❞❡ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡ ❡st❡ ♣r♦❝❡❞✐♠✐❡♥t♦ ❛❧ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡❧ ♠♦❞❡❧♦ ❡s ❧❛ ♠✐s♠❛ q✉❡ ❛❧

✉s❛r ❡❧ ✉♠❜r❛❧ ❡♥ ❧❛ s❡❝❝✐ó♥ ❛♥t❡r✐♦r✱ ②❛ q✉❡ ♥♦ ♣♦❞❡♠♦s ❞✐st✐♥❣✉✐r ❡s♣❛❝✐❛❧♠❡♥t❡ ❡♥tr❡

❛♠❜❛s ❝♦♥tr✐❜✉❝✐♦♥❡s ✭❛❧ t❡♥❡r s✐❡♠♣r❡ ✉♥ ú♥✐❝♦ ♣✐❝♦✮ ②✱ ❛❞❡♠ás✱ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s

❡s ❞♦♠✐♥❛♥t❡ ❞✉r❛♥t❡ ❧❛ ♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❙✐♥ ❡♠❜❛r❣♦✱ ❡s ❞❡ ❡s♣❡r❛r q✉❡

❛❧ ♠❡♥♦s ✉♥❛ ❞❡ ❡st❛s ❞♦s ❧✐♠✐t❛❝✐♦♥❡s ♥♦ ❡sté ♣r❡s❡♥t❡ ❛❧ ❛♥❛❧✐③❛r ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s

❞❡ ❘❆s ② q✉❡ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ s❡❛ ♠ás ❡✜❝✐❡♥t❡ ❡♥ ❡st♦s ❝❛s♦s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✺✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

(a) (b)

(c) (d)

❋✐❣✉r❛ ✻✳✶✵✿ ▼❛❣♥❡t♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆ ✽✵✺✻✳

✭❛✮ ② ✭❝✮ ♠✉❡str❛♥ ❧❛ ♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s ❞❡ ❝❛❞❛ ♣♦❧❛r✐❞❛❞ s✐♥ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧

♠ét♦❞♦ ♣❛r❛ ❞♦s ♠♦♠❡♥t♦s ❞✐st✐♥t♦s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ r❡❣✐ó♥✳ ✭❜✮ ② ✭❝✮ ♠✉❡str❛♥ ❧❛

r❡s♣❡❝t✐✈❛ ❝♦rr❡❝❝✐ó♥ ❞❡ ❧♦s ♣❛♥❡❧❡s ✭❛✮ ② ✭❞✮✳ ❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✶✶❛ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝♦rr❡❣✐❞♦ ♣❛r❛ t♦❞❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆ ✽✵✺✻✳

❊♥ ❝♦♥tr❛st❡ ❝♦♥ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦✱ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s ❘❆s t✐❡♥❡♥ ✉♥❛ ❛s✐♠❡trí❛

❝❧❛r❛✱ ♣♦r ❧❛ ❞✐❢✉s✐ó♥ ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ② ♣♦r ❡♠❡r❣❡♥❝✐❛s ❞❡ ✢✉❥♦ s❡❝✉♥❞❛r✐❛s✳ ❊st❛s

✐rr❡❣✉❧❛r✐❞❛❞❡s s❡ ✈❡♥ r❡✢❡❥❛❞❛s ❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦ ② ♣✉❡❞❡♥ ❣❡♥❡r❛r

❧❛ ❛♣❛r✐❝✐ó♥ ❞❡ ♠ú❧t✐♣❧❡s ♣✐❝♦s✱ ❝♦♠♦ ❡s ❡❧ ❝❛s♦ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ ♣♦s✐t✐✈❛ ❞❡ ❧❛ ❘❆ ✽✵✺✻

✭❋✐❣✉r❛ ✻✳✼❛✮✳ P❛r❛ ❡st❛s s✐t✉❛❝✐♦♥❡s ♥❡❝❡s✐t❛♠♦s ✉♥ ❝r✐t❡r✐♦ ♣❛r❛ ❞✐s❝❡r♥✐r ❡❧ ♠á①✐♠♦ q✉❡

❝♦rr❡s♣♦♥❞❡ ❛❧ ✢✉❥♦ ❛①✐❛❧ ❞❡❧ ❛③✐♠✉t❛❧ ♦ ❛❧ ♠❡♥♦s ❡❧ ♠ás r❡♣r❡s❡♥t❛t✐✈♦✳ ❈ó♠♦ ✈✐♠♦s ❡♥

❧❛ ❙❡❝❝✐ó♥ ✻✳✷✳✶✱ ❡❧ ✢✉❥♦ ❡♥ ❧❛s ❧❡♥❣✉❛s ♣✉❡❞❡ s❡r ❞♦♠✐♥❛♥t❡ ❛❧ ❝♦♠✐❡♥③♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✱

♣♦r ❧♦ t❛♥t♦✱ ❡❧ ♣✐❝♦ ❝♦♥ ♠❛②♦r ✢✉❥♦ ♥♦ ♥❡❝❡s❛r✐❛♠❡♥t❡ ❝♦rr❡s♣♦♥❞❡rá ❛❧ ✢✉❥♦ ❛①✐❛❧ ❡♥

❡st♦s ❝❛s♦s✳ ▲✉❡❣♦✱ ❡①♣❧♦r❛♠♦s ✉♥ ♠ét♦❞♦ s✐♠♣❧❡ ♣❛r❛ ❞✐s❝❡r♥✐r ❡♥tr❡ ❧♦s ❞♦s ♠á①✐♠♦s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✺✶ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❜❛s❛❞♦s ❡♥ ❧❛ ✉❜✐❝❛❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ❡♥ ❡❧ ú❧t✐♠♦ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡ ❧❛ ❢❛s❡ ❞❡

❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆✱ ❡♥ ❡❧ ❝✉❛❧ s✉♣♦♥❡♠♦s q✉❡ ❡❧ ✢✉❥♦ ❛①✐❛❧ ❡s ❞♦♠✐♥❛♥t❡✳

▲❧❛♠❡♠♦s θfmax ❛❧ ♣✐❝♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦ ❞❡❧ ú❧t✐♠♦ ♠❛❣♥❡t♦❣r❛♠❛ ❞❡

❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ ❘❆✱ ♦ s❡❛ ❝✉❛♥❞♦ ❧❛ r❡❣✐ó♥ ❤❛ ❡♠❡r❣✐❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡✳ ❙✉♣♦♥❡♠♦s

q✉❡ ♣❛r❛ ❡st❡ ♠♦♠❡♥t♦ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❞❡❥❛ ❞❡ s❡r ✐♠♣♦rt❛♥t❡ ② ❡❧ ♠á①✐♠♦ ❛♥❣✉❧❛r

❝♦rr❡s♣♦♥❞❡ ❞✐r❡❝t❛♠❡♥t❡ ❛❧ ✢✉❥♦ ❛①✐❛❧✳ ❊♥t♦♥❝❡s✱ ♣♦❞❡♠♦s ✐❞❡♥t✐✜❝❛r ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡❧

✢✉❥♦ ❛①✐❛❧ ❡♥ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ❛♥t❡r✐♦r ✭θf−1
max✮✱ ❞❡t❡r♠✐♥❛♥❞♦ ❧❛ ♣♦s✐❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ♣✐❝♦

q✉❡ ❡stá ♠ás ❝❡r❝❛ ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❞❡ r❡❢❡r❡♥❝✐❛ θfmax✳ ❆❤♦r❛ t♦♠❛♠♦s ❝♦♠♦ r❡❢❡r❡♥❝✐❛

❛ ❡st❡ á♥❣✉❧♦ θf−1
max ② r❡♣❡t✐♠♦s ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ♠❛♥❡r❛ r❡❝✉rs✐✈❛ ❤❛st❛ ❛❧❝❛♥③❛r ❡❧

♣r✐♠❡r ♠❛❣♥❡t♦❣r❛♠❛ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛ r❡❣✐ó♥✳ ❊s ✐♠♣♦rt❛♥t❡ ♠❡♥❝✐♦♥❛r q✉❡ ❝♦♥

❡st❡ ♠ét♦❞♦ ❝♦♥t❡♠♣❧❛♠♦s ✉♥❛ ♣♦s✐❜❧❡ r♦t❛❝✐ó♥ ✐♥trí♥s❡❝❛ ❞❡❧ ❜✐♣♦❧♦ ❞❡❜✐❞♦ ❛ ❧❛ t♦rs✐ó♥

❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦✳ ❙✐♥ ❡♠❜❛r❣♦✱ s✉♣♦♥❡♠♦s q✉❡ ❡♥ ❡s❛ s✐t✉❛❝✐ó♥ ❧♦s ❝❛♠❜✐♦s ❡♥ ❧❛

♣♦s✐❝✐ó♥ ❞❡ ❧♦s ❜❛r✐❝❡♥tr♦s s❡rá s✉❛✈❡ ❡♥tr❡ ✉♥ ♠❛❣♥❡t♦❣r❛♠❛ ② ❡❧ s✐❣✉✐❡♥t❡✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✶✶ ♠♦str❛♠♦s ❧❛ ❝♦rr❡❝❝✐ó♥ ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ♣❛r❛ ❧❛s ❘❆s

✽✵✺✻ ② ✾✵✼✵✳ ❆♠❜❛s r❡❣✐♦♥❡s ♣r❡s❡♥t❛♥ ✉♥❛ ✈❛r✐❛❝✐ó♥ s✐❣♥✐✜❝❛t✐✈❛ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t

❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❝♦♠♦ ❝♦♥s❡❝✉❡♥❝✐❛ ❞❡ ❧❛ ❝♦♥tr❛❝❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

✭✈❡r ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❞❡ ❧❛ ❋✐❣✉r❛s ✻✳✸ ② ✻✳✹✮✳ ❊♥ ❧❛ ❘❆ ✽✵✺✻ ❡♥❝♦♥tr❛♠♦s ✉♥❛ ❝❧❛r❛

s❡♣❛r❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ❛①✐❛❧ ② ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛✳ ❊st♦ s❡ ✈❡ r❡✢❡❥❛❞♦ ❡♥ ❧❛

❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ❞❡ ❧❛ ♣♦❧❛r✐❞❛❞ s✐❣✉✐❡♥t❡✱ ❡♥ ❞♦♥❞❡ ❡❧ ❛❧❣♦r✐t♠♦ ❛♣❧✐❝❛❞♦ ❢✉❡

❝❛♣❛③ r❡❝♦♥♦❝❡r ✉♥♦ ❞❡ ❧♦s ❞♦s ♠á①✐♠♦s ❞❡ ❧❛ ❝✉r✈❛ ✭♠á①✐♠♦ ✐♥❞✐❝❛❞♦ ❝♦♥ ✉♥ ❛st❡r✐s❝♦ ❡♥

❧❛ ❋✐❣✉r❛ ✻✳✼❛✮✳ P❛r❛ ❡st❡ ❝❛s♦ ❧❛ ❝♦rr❡❝❝✐ó♥ ❡s ❜✉❡♥❛ ❡♥ ❛❧ ♠❡♥♦s ✼✵ ✪ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛

t♦t❛❧ ❞❡ ❧❛ r❡❣✐ó♥✳ ❉❡ ❧❛ ♠✐s♠❛ ♠❛♥❡r❛✱ ❧❛ ❘❆ ✾✵✼✵ ♠✉❡str❛ ✉♥❛ ❜✉❡♥❛ ❝♦rr❡❝❝✐ó♥ ♣♦r

❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ♠ét♦❞♦ ❞✉r❛♥t❡ t♦❞❛ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❊♥ ✈❛r✐❛s ♦♣♦rt✉♥✐❞❛❞❡s

❡❧ ❛❧❣♦r✐t♠♦ ❞❡♠♦stró s❡r ❡st❛❜❧❡ ❛♥t❡ ❧❛s ❡♠❡r❣❡♥❝✐❛s ❞❡ ✢✉❥♦ s❡❝✉♥❞❛r✐❛s ❞❡ ❧❛ r❡❣✐ó♥✱

♣✉❞✐❡♥❞♦ r❡❝♦♥♦❝❡r ❧❛ ♣♦s✐❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ♣♦r s♦❜r❡ ❧❛ ❛♣❛r✐❝✐ó♥ ❞❡ ♦tr♦s

♣✐❝♦s ❡♥ ❧❛ ❞✐str✐❜✉❝✐ó♥✳ ❆✉♥q✉❡ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡s s✐❣♥✐✜❝❛t✐✈❛ ❡♥tr❡ ❡❧ t✐❧t ❝♦rr❡❣✐❞♦ ② ❡❧

t✐❧t ♠❡❞✐❞♦ ❞✐r❡❝t❛♠❡♥t❡ s♦❜r❡ t♦❞♦ ❡❧ ❝❛♠♣♦ ❞❡ ❧❛ r❡❣✐ó♥✱ ❛ú♥ ✈❡♠♦s ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✶✶❜

✉♥❛ r♦t❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s✳ ❊st♦ ♣✉❡❞❡ ❡st❛r ❛s♦❝✐❛❞♦ ❛ ❧❛ r♦t❛❝✐ó♥ ✐♥trí♥s❡❝❛ ❞❡❧

❜✐♣♦❧♦ ♦✱ ❜✐❡♥ ❛❧ ❡❢❡❝t♦ ♣❛r❝✐❛❧♠❡♥t❡ ❝♦rr❡❣✐❞♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✺✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

(a)

(b)

❋✐❣✉r❛ ✻✳✶✶✿ ❘❡s✉❧t❛❞♦s ❞❡ ❧❛ ❛♣❧✐❝❛❝✐ó♥ ❞❡❧ ♠ét♦❞♦ ❞❡ ❝♦rr❡❝❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ♣❛r❛

❧❛s ❘❆s ✽✵✺✻ ✭❛✮ ② ✾✵✼✵ ✭❜✮✳ ❊♥ ❝❛❞❛ ♣❛♥❡❧ ♠♦str❛♠♦s ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ ✢✉❥♦ ♠❛❣♥ét✐❝♦

✭❡♥ ♠❛❣❡♥t❛✱ r❡❢❡r❡♥❝✐❛ ❛❧ ❡❥❡ ✈❡rt✐❝❛❧ ❞❡r❡❝❤♦✮✱ ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t s✐♥ ❝♦rr❡❣✐r ✭❡♥ ♥❡❣r♦✮ ②

❡❧ á♥❣✉❧♦ ❝♦rr❡❣✐❞♦ ✭❡♥ r♦❥♦✮✳ ❊❧ ♣r♦❝❡❞✐♠✐❡♥t♦ r❡❛❧✐③❛ ❡❧ ❜❛rr✐❞♦ ❛♥❣✉❧❛r ✭❝♦♠♦ s❡ ✈❡ ❡♥

❧❛ ❋✐❣✉r❛ ✻✳✻✮ ② ❧❛ ✐❞❡♥t✐✜❝❛❝✐ó♥ ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❛♥❣✉❧❛r ❞❡❧ ✢✉❥♦ ❛①✐❛❧ ✭✈❡r ❧♦s ❛st❡r✐s❝♦s

❡♥ ❧❛ ❝✉r✈❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✼✮ ❞❡ ♠❛♥❡r❛ ❛✉t♦♠át✐❝❛ ✉s❛♥❞♦ ❡❧ ❝r✐t❡r✐♦ ❞❡✜♥✐❞♦ ❡♥ ❡st❛

s❡❝❝✐ó♥✳ ❊❥❡♠♣❧♦s ❞❡ ❧❛ s❡❧❡❝❝✐ó♥ ❛♥❣✉❧❛r s♦❜r❡ ❡❧ ♠❛❣♥❡t♦❣r❛♠❛ s❡ ♣✉❡❞❡♥ ✈❡r ❡♥ ❧❛

❋✐❣✉r❛ ✻✳✶✵ ♣❛r❛ ❧❛ ❘❆ ✽✵✺✻✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✺✸ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

✻✳✷✳✸✳ ❈♦rr❡❝❝✐ó♥ ❞❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s

❆♣❧✐❝❛♠♦s ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❡♥ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ✻✶ ❘❆s ❜✐♣♦❧❛r❡s✱ ❡s❝♦❣✐❞❛s ♣♦r t❡♥❡r

✉♥❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ t✐❧t ❛s♦❝✐❛❞❛ ❛ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s✳ ❙❡❧❡❝❝✐♦♥❛♠♦s ❡st❛s r❡❣✐♦♥❡s

❞❡❧ ❝♦♥❥✉♥t♦ ❛♥❛❧✐③❛❞♦ ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✻✳✶✳✶✳ P❛r❛ ❝❛❞❛ r❡❣✐ó♥ ❝❛❧❝✉❧❛♠♦s ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t

♣r♦♠❡❞✐♦ ✭φ✮ ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ② ❡❧ t✐❧t ❛❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦ ✭φmaxflux✮✳

▲✉❡❣♦✱ r❡♣❡t✐♠♦s ❡❧ ❝á❧❝✉❧♦ ✉s❛♥❞♦ ✉♥ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦ ❞❡❧ ✼✺ ✪ ❞❡ ❧❛ ✐♥t❡♥s✐❞❛❞

❞❡ ❝❛♠♣♦ ♠á①✐♠❛ ✭❝♦♠♦ ❞❡s❝r✐❜✐♠♦s ❡♥ ❧❛ ❙❡❝❝✐ó♥ ✻✳✷✳✶✮✳ ❋✐♥❛❧♠❡♥t❡✱ ❛♣❧✐❝❛♠♦s ❧❛

❝♦rr❡❝❝✐ó♥ ✉s❛♥❞♦ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r ❞❡ ✢✉❥♦✳

P❛r❛ ❝♦♠♣❛r❛r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ t✐❧t ❡♥ ❡st♦s tr❡s ❝❛s♦s✱

❝❛❧❝✉❧❛♠♦s ❡❧ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡ ❧❛ ❞✐❢❡r❡♥❝✐❛ ❡♥tr❡ φ ② φmaxflux✳ ❊st❛ ❞✐❢❡r❡♥❝✐❛ ♥♦s ❞❛

✉♥❛ ♠❡❞✐❞❛ ❞❡ ❝✉❛♥ ❣r❛♥❞❡ ❡s ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ t✐❧t ❡♥ ❝♦♠♣❛r❛❝✐ó♥ ❝♦♥ ❧❛ ♦r✐❡♥t❛❝✐ó♥

✐♥trís❡❝❛ ❞❡❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦✳ ❈♦♠♦ ❡♥ t♦❞♦s ❧♦s ❝❛s♦s ♦❜s❡r✈❛❞♦s ❡❧ t✐❧t t✐❡♥❡ ✉♥❛

❡✈♦❧✉❝✐ó♥ ♠♦♥ót♦♥❛✱ r❡❞✉❝✐r ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ s✉ ✈❛❧♦r ♣r♦♠❡❞✐♦ ② ❧❛ ❞✐r❡❝❝✐ó♥ ✜♥❛❧ ❞❡❧

t✉❜♦ ❡s ✉♥❛ ♠❡❞✐❞❛ ❞❡ ❧❛ ❝♦rr❡❝❝✐ó♥ ❞❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✳

❊♥ ❧❛ ❋✐❣✉r❛ ✻✳✶✷ ♠♦str❛♠♦s ❧♦s ❤✐st♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡s ❛ |φ − φmaxflux| ♣❛r❛
❧❛s ✻✶ r❡❣✐♦♥❡s ❛♥❛❧✐③❛❞❛s✳ ❊❧ ♣❛♥❡❧ ✭❛✮ ❝♦rr❡s♣♦♥❞❡ ❛❧ t✐❧t s✐♥ ❝♦rr❡❣✐r✱ ❡❧ ✭❜✮ ❛❧ ❝á❧❝✉❧♦

r❡❛❧✐③❛❞♦ ❝♦♥ ❡❧ ✉♠❜r❛❧ ② ❡❧ ✭❝✮ ❛❧ t✐❧t ❝♦rr❡❣✐❞♦ ❝♦♥ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❛♥❣✉❧❛r✳ ▲❛ ❞✐str✐❜✉❝✐ó♥

❡♥ ❡❧ ♣❛♥❡❧ ✭❛✮ t✐❡♥❡ ✉♥ ♣r♦♠❡❞✐♦ ❞❡ 6,1◦ ② ✉♥❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❞❡ 6,1◦✳ ❊♥ ❛❧ ♠❡♥♦s

✶✵ ❝❛s♦s✱ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ♣r♦✈♦❝❛ ❝❛♠❜✐♦s ❡♥ ❡❧ t✐❧t s✉♣❡r✐♦r❡s ❛ ❧♦s ✶✺◦ ✭✈❡r

❧♦s ♣✉♥t♦s ❡①t❡r✐♦r❡s ❞❡❧ ❤✐st♦❣r❛♠❛ ❞❡ ❧❛ ❋✐❣✉r❛ ✻✳✶✷❛✮✳ ❊❧ ❤✐st♦❣r❛♠❛ q✉❡ ❝♦rr❡s♣♦♥❞❡

❛❧ ❝á❧❝✉❧♦ r❡❛❧✐③❛❞♦ ❝♦♥ ❡❧ ✉♠❜r❛❧ ♥♦ ♠✉❡str❛ ♠✉❝❤❛s ❞✐❢❡r❡♥❝✐❛s ❝♦♥ ❡❧ ❛♥t❡r✐♦r✳ ❊❧

♣r♦❝❡❞✐♠✐❡♥t♦ ♠♦❞✐✜❝❛ ❞❡ ♠❛♥❡r❛ ♣❛r❝✐❛❧ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ t✐❧t ❞❡ ❛❧❣✉♥♦s ❝❛s♦s ❝❡r❝❛♥♦s

❛❧ ♣r♦♠❡❞✐♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ② ♥♦ ♠♦❞✐✜❝❛ ❛ ❧♦s ♣✉♥t♦s ❡①t❡r♥♦s ❝♦♥ ♠❛②♦r ✈❛r✐❛❝✐ó♥

❞❡❧ t✐❧t ✳ P♦r ❡❧ ❝♦♥tr❛r✐♦✱ ❡♥ ❧❛ ❋✐❣✉r❛ ✻✳✶✷❝ ✈❡♠♦s q✉❡ ❧❛ ❝♦rr❡❝❝✐ó♥ ❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥

❞❡❧ t✐❧t ❛❧ ✉s❛r ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ á♥❣✉❧❛r ❞❡ ✢✉❥♦ ❡s ✐♠♣♦rt❛♥t❡✳ ❊♥ ❡st❡

❝❛s♦✱ ❡❧ ♣r♦♠❡❞✐♦ s❡ r❡❞✉❝❡ ❛ 4,7◦ ② ❧❛ ❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ❛ 5,3◦✳ ❆❞❡♠ás✱ r❡❞✉❝❡ ❧♦s

♣✉♥t♦s ❡①t❡r✐♦r❡s ✭≥ 15◦✮ ❛ ❝✉❛tr♦ ❝❛s♦s ② ❛✉♠❡♥t❛ ❡❧ ♣✐❝♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥ ✭❝❡♥tr❛❞♦

❡♥ ✶◦✮ ❡♥ ❝❛s✐ ❡❧ ❞♦❜❧❡ ❝♦♠♣❛r❛❞♦ ❝♦♥ ❧❛s ♦tr❛s ❞♦s ❞✐str✐❜✉❝✐♦♥❡s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✺✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



✻✳✷✳ ❊❋❊❈❚❖ ❉❊ ▲❆❙ ▲❊◆●❯❆❙ ▼❆●◆➱❚■❈❆❙ ❊◆ ▲❆ ❉❊❚❊❘▼■◆❆❈■Ó◆ ❉❊▲ ❚■▲❚

(a)

(b)

(c)

❋✐❣✉r❛ ✻✳✶✷✿ ❍✐st♦❣r❛♠❛s ❞❡❧ ✈❛❧♦r ❛❜✲

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

♠❡❞✐♦ ❝❛❧❝✉❧❛❞♦ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❡♠❡r✲

❣❡♥❝✐❛ ② ❡❧ t✐❧t ❛❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦

♠á①✐♠♦✳ ❊❧ t❛♠❛ñ♦ ❞❡ ❝❛❞❛ ✐♥t❡r✈❛✲

❧♦ ❡s ❞❡ 2◦✳ ✭❛✮ ❍✐st♦❣r❛♠❛ ❝♦rr❡s♣♦♥✲

❞✐❡♥t❡ ❛ ❧❛ ❞✐str✐❜✉❝✐ó♥ ❞❡ |φ−φmaxflux|
♣❛r❛ ✻✶ ❘❆s ❜✐♣♦❧❛r❡s✳ ✭❜✮ ■❣✉❛❧ q✉❡ ❡♥

❡❧ ♣❛♥❡❧ ✭❛✮ ♣❡r♦ ✉s❛♥❞♦ ❡❧ t✐❧t ❝❛❧❝✉❧❛✲

❞♦ ❝♦♥ ✉♥ ✉♠❜r❛❧ ❞❡❧ ❝❛♠♣♦ ❞❡❧ ✼✺ ✪

❞❡❧ ❝❛♠♣♦ ♠á①✐♠♦✳ ✭❝✮ ■❣✉❛❧ q✉❡ ❡♥

✭❛✮ ♣❡r♦ ❝♦♥ ❡❧ t✐❧t ♦❜t❡♥✐❞♦ ❝♦♥ ❧❛ ❝♦✲

rr❡❝❝✐ó♥ ❞❡❧ ♠ét♦❞♦ ❞❡ ❧❛ ❞✐str✐❜✉❝✐ó♥

❛♥❣✉❧❛r ❞❡ ✢✉❥♦✳ ❊♥ ❝❛❞❛ ♣❛♥❡❧ ✐♥❞✐✲

❝❛♠♦s ❡❧ ✈❛❧♦r ♠❡❞✐♦✱ ❧❛ ♠❡❞✐❛♥❛✱ ❧❛

❞❡s✈✐❛❝✐ó♥ ❡stá♥❞❛r ② ❧❛ ♦❜❧✐❝✉✐❞❛❞ ❞❡

❧❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❞✐str✐❜✉❝✐ó♥✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✺✺ ❋❡❜r❡r♦ ✷✵✶✼



❉❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s

❊♥ ❡st❡ ❝❛♣ít✉❧♦ ❛♥❛❧✐③❛♠♦s ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡ ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

❡♥ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❝❛❧❝✉❧❛❞♦ s♦❜r❡ ♠❛❣♥ét♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✳ ❊♥

♣r✐♠❡r ❧✉❣❛r✱ t♦♠❛♠♦s ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s ❜✐♣♦❧❛r❡s ♦❜s❡r✈❛❞❛s ❛ ❧♦ ❧❛r❣♦ ❞❡❧ ❈✐❝❧♦

❙♦❧❛r ✷✸ ② ❡♥❝♦♥tr❛♠♦s q✉❡ ❡st❛s s❛t✐s❢❛❝❡♥ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❧❛t✐t✉❞✐♥❛❧ ❞❡❧ á♥❣✉❧♦ ❞❡ t✐❧t

r❡♣♦rt❛❞❛ ♣♦r ❞✐st✐♥t♦s tr❛❜❛❥♦s✳ ▲❛ ❞✐❢❡r❡♥❝✐❛ ❡♥t❡ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❡♥❝♦♥tr❛❞❛ ♣❛r❛ ❡❧

t✐❧t ❛❧ ♠♦♠❡♥t♦ ❞❡❧ ✢✉❥♦ ♠á①✐♠♦ ② ❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❝♦♠♣❧❡t❛ ❞❡ ❧❛s r❡❣✐♦♥❡s

✐♥❞✐❝❛ q✉❡ ❡①✐st❡ ✉♥❛ ✈❛r✐❛❝✐ó♥ ❞❡ ❡st❡ á♥❣✉❧♦ ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❆❧ ❝♦♥s✐❞❡r❛r

❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❡♥ ♥✉❡str♦s ❝á❧❝✉❧♦s ❡♥❝♦♥tr❛♠♦s ✉♥❛ r❡❧❛❝✐ó♥ s✐♠✐❧❛r ❛ ❧❛ r❡♣♦rt❛❞❛

♣♦r ▲✐ ✫ ❯❧r✐❝❤ ✭✷✵✶✷✮✱ q✉❡ ✉t✐❧✐③❛r♦♥ ❘❆s ❝♦♥ ❧❛s ♠✐s♠❛s ❝❛r❛❝t❡ríst✐❝❛s ② ❞✉r❛♥t❡ ❡❧

♠✐s♠♦ ♣❡rí♦❞♦ ❞❡ ♥✉❡str❛ s❡❧❡❝❝✐ó♥✳ ❊♥ ❣❡♥❡r❛❧✱ ❧♦s ♠ét♦❞♦s q✉❡ ✉t✐❧✐③❛♥ ✉♥ ♥ú♠❡r♦

❣r❛♥❞❡ ❞❡ ❘❆s ✉t✐❧✐③❛♥ ❛❧❣♦rít♠♦s ❛✉t♦♠át✐❝♦s q✉❡ ❞❡s♣r❡❝✐❛♥ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥

❞❡❧ t✐❧t ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❆❧ ♥♦ ❡st❛r ❝❛r❛❝t❡r✐③❛❞♦ ❡st❡ ❡❢❡❝t♦✱ r❡❛❧✐③❛♠♦s ✉♥❛

♣r✐♠❡r❛ ❝♦rr❡❝❝✐ó♥ ❞❡❧ t✐❧t s♦❜r❡ ✻✶ ❘❆s✳ ❆✉♥q✉❡ ❧❛ ❝❛♥t✐❞❛❞ ❛♥❛❧✐③❛❞♦s ❡s ✐♥s✉✜❝✐❡♥t❡

♣❛r❛ r❡❛❧✐③❛r ❝♦♥❝❧✉s✐♦♥❡s s♦❜r❡ ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❧❛ ❧❡② ❞❡ ❏♦②✱ ❡♥❝♦♥tr❛♠♦s

q✉❡ ❡st❡ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣✉❡❞❡ ❝♦rr❡❣✐r ❡❧ á♥❣✉❧♦ ❞❡ t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡

❧❛s ❘❆s✳ P❛r❛ ❝♦♥t✐♥✉❛r ❝♦♥ ❡st❡ tr❛❜❛❥♦✱ ♥♦s ♣r♦♣♦♥❡♠♦s ❛♣❧✐❝❛r ❧❛ ❝♦rr❡❝❝✐ó♥ s♦❜r❡ ❡❧

❝♦♥❥✉♥t♦ ❝♦♠♣❧❡t♦ ❞❡ ✶✽✼ ❘❆s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✺✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❈❛♣ít✉❧♦ ✼

❈♦♥❝❧✉s✐♦♥❡s

▲♦s r❡s✉❧t❛❞♦s ♣r❡s❡♥t❛❞♦s ❡♥ ❡st❛ ❚❡s✐s ❜✉s❝❛♥ r❡s♣♦♥❞❡r ❝✉á❧ ❡s ❡❧ ♦r✐❣❡♥ ❞❡ ❧❛s

❛s✐♠❡trí❛s ♦❜s❡r✈❛❞❛s ❡♥ ❧❛s ❝♦♥❝❡♥tr❛❝✐♦♥❡s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ q✉❡ ❝♦♥st✐✲

t✉②❡♥ ❛ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ✭❘❆s✮✱ ❛sí ❝♦♠♦ t❛♠❜✐é♥ ❝♦♠♣r❡♥❞❡r ❧❛s ❝❛✉s❛s ❞❡ ❧❛ ❣r❛♥

❞✐s♣❡rs✐ó♥ ♦❜s❡r✈❛❞❛ ❡♥ ❧❡②❡s ❜✐❡♥ ❡st❛❜❧❡❝✐❞❛s ❞❡s❞❡ ❤❛❝❡ ❝❛s✐ ✶✵✵ ❛ñ♦s✳ ❯♥❛ ❞❡ ❡st❛s

❛s✐♠❡trí❛s✱ ❝♦♥♦❝✐❞❛ ❝♦♠♦ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s✱ ❡stá ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ❧❛ ❡❧♦♥❣❛❝✐ó♥ ❞❡

❧❛s ♣♦❧❛r✐❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡❜✐❞♦ ❛ ❧❛ ♣r♦②❡❝❝✐ó♥ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧ ❞❡ ❧❛ ❝♦♠✲

♣♦♥❡♥t❡ ❛③✐♠✉t❛❧ ❞❡❧ ❝❛♠♣♦ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ q✉❡ ❞❛♥ ♦r✐❣❡♥ ❛ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✳

❖tr❛ ❛s✐♠❡trí❛ t✐❡♥❡ q✉❡ ✈❡r ❝♦♥ ❧❛ ♦r✐❡♥t❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ❞❡ ❧❛s ❘❆s r❡s♣❡❝t♦

❞❡❧ ❡❝✉❛❞♦r s♦❧❛r ✭❧❡② ❞❡ ❏♦②✮✱ ❧❛ ❝✉❛❧ ♣r❡s❡♥t❛ ✉♥❛ ❣r❛♥ ❞✐s♣❡rs✐ó♥ ❝✉❛♥❞♦ s❡ ❧❛ ❡st✐✲

♠❛ ✉s❛♥❞♦ ❞✐st✐♥t♦s ♦❜s❡r✈❛❜❧❡s✳ ❈♦♥ ❡st♦s ♦❜❥❡t✐✈♦s✱ ❡st❡ tr❛❜❛❥♦ ❞❡ ❚❡s✐s ✐♥❝♦r♣♦r❛

❤❡rr❛♠✐❡♥t❛s ♥♦✈❡❞♦s❛s ♣❛r❛ ❛♥❛❧✐③❛r ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❢♦tós❢❡r❛

s♦❧❛r✳

❊♥ ♣r✐♠❡r ❧✉❣❛r✱ ❞❡s❛rr♦❧❧❛♠♦s ✉♥ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ s✐♠♣❧❡ ❜❛s❛❞♦ ❡♥ ❧❛ ❡♠❡r❣❡♥❝✐❛

❝✐♥❡♠át✐❝❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ q✉❡ ♥♦s ♣❡r♠✐t❡ r❡♣r♦❞✉❝✐r ❡ ✐♥t❡r♣r❡t❛r ❧❛

❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦ ❡♥ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s✳

❊♥ ❡st❡ ♠♦❞❡❧♦✱ ❧❛ t♦rs✐ó♥ ❡stá ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s q✉❡ ❞❛ ✉♥❛ ❧í♥❡❛

❞❡ ❝❛♠♣♦ ❛❧r❡❞♦r ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦✳ ❈❛r❛❝t❡r✐③❛♠♦s ❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❛s ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s

✉s❛♥❞♦ ❧❛ ♠❡❞✐❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✱ ❞❡✜♥✐❞♦ ❝♦♠♦ ❡❧ á♥❣✉❧♦ ❡♥tr❡ ❧❛ ❧í♥❡❛

❞❡ ✐♥✈❡rs✐ó♥ ❞❡ ♣♦❧❛r✐❞❛❞ ✭▲■P✮ ② ❧❛ ❞✐r❡❝❝✐ó♥ ♦rt♦❣♦♥❛❧ ❛❧ s❡❣♠❡♥t♦ ❞❡❧ ❜✐♣♦❧♦ ❞❡ ❧❛

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✺✼ ❋❡❜r❡r♦ ✷✵✶✼



❈♦♥❝❧✉s✐♦♥❡s

r❡❣✐ó♥✳ ❈❛❧❝✉❧❛♥❞♦ ❡st❡ ♣❛rá♠❡tr♦ s♦❜r❡ ♠❛❣♥❡t♦❣r❛♠❛s s✐♥tét✐❝♦s✱ ♦❜t❡♥✐❞♦s ❛ ♣❛rt✐r

❞❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦✱ ❡♥❝♦♥tr❛♠♦s q✉❡ ❡st❡ á♥❣✉❧♦ ❡s ✉♥❛ ❢✉♥❝✐ó♥ ❝r❡❝✐❡♥t❡ ❞❡ ❧❛ t♦rs✐ó♥

❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ② q✉❡ s✉ s✐❣♥♦ ❝♦✐♥❝✐❞❡ ❝♦♥ ❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡❧ t✉❜♦✳

❆ ♣❡s❛r ❞❡ q✉❡ ❡st❡ ♠♦❞❡❧♦ s❡ ❜❛s❛ ❡♥ ❢✉❡rt❡s s✐♠♣❧✐✜❝❛❝✐♦♥❡s✱ ❡♥❝♦♥tr❛♠♦s q✉❡ ❧♦❣r❛

r❡♣r♦❞✉❝✐r ❧❛s ❛s✐♠❡trí❛s ❣❧♦❜❛❧❡s ❞❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞❛s t❛♥t♦ ❡♥ s✐♠✉❧❛❝✐♦♥❡s ♥✉♠ér✐❝❛s

❝♦♠♦ ❡♥ ❧❛s ♦❜s❡r✈❛❝✐♦♥❡s ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s✳

P❛r❛ ❝✉❛♥t✐✜❝❛r ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s ❛ ♣❛rt✐r ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡ ❧❛s

❧❡♥❣✉❛s✱ ❞✐s❡ñ❛♠♦s ② ❛♣❧✐❝❛♠♦s ✉♥ ♣r♦❝❡❞✐♠✐❡♥t♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❧❛ ✉❜✐❝❛❝✐ó♥ ❞❡ ❧❛

▲■P ❡♥ ♠❛❣♥❡t♦❣r❛♠❛s ❞❡❧ ❝❛♠♣♦ ❢♦t♦s❢ér✐❝♦ ② ❛sí ❝á❧❝✉❧❛r ❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s✳ ❈♦♥

❡st♦s ✈❛❧♦r❡s✱ ♦❜t✉✈✐♠♦s ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s✱ ❡q✉✐✈❛❧❡♥t❡ ❛❧ ♣❛rá♠❡tr♦ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡❧

♠♦❞❡❧♦✱ ♣❛r❛ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ✹✶ r❡❣✐♦♥❡s ❜✐♣♦❧❛r❡s✳ ❊♥❝♦♥tr❛♠♦s q✉❡ ❧❛ t♦rs✐ó♥ ❡st✐♠❛❞❛

♣❛r❛ ❡st♦s ❝❛s♦s ❡s ❜❛❥❛✱ s✐❡♥❞♦ ❡st♦s ✈❛❧♦r❡s ❝♦♥s✐st❡♥t❡s ❝♦♥ ♦tr❛s ❡st✐♠❛❝✐♦♥❡s ❞❡ ❧❛

t♦rs✐ó♥ q✉❡ ✉t✐❧✐③❛♥ ♠ét♦❞♦s ♠ás ❝♦♠♣❧❡❥♦s✱ ♣♦r ❡❥❡♠♣❧♦✱ ❡❧ ❝á❧❝✉❧♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❞❡

❝♦rr✐❡♥t❡ ❢♦t♦s❢ér✐❝❛ q✉❡ r❡q✉✐❡r❡ ❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ✈❡❝t♦r✐❛❧❡s ✭●♦s❛✐♥ ❡t ❛❧✳✱ ✷✵✶✹❀

❩❤❛♥❣✱ ✷✵✵✶❀ ❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❙✐♥ ❡♠❜❛r❣♦✱ ♥✉❡str♦ ♠ét♦❞♦ ✉s❛ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡

✉♥ ú♥✐❝♦ á♥❣✉❧♦✱ ♠❡❞✐❞♦ ❞✉r❛♥t❡ ❧❛s ♣r✐♠❡r❛s ❡t❛♣❛s ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✢✉❥♦✱ ② t✐❡♥❡ ❧❛

✈❡♥t❛❥❛ ❞❡ ❞❛r ✉♥❛ ♣r✐♠❡r❛ ❡st✐♠❛❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛ ❘❆ ❛ ♣❛rt✐r ❞❡ ♦❜s❡r✈❛❝✐♦♥❡s

❞❡ ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s✳ ❆ ♣❛rt✐r ❞❡ ❡st♦s r❡s✉❧t❛❞♦s✱ ❝♦♥❝❧✉✐♠♦s q✉❡ ❡❧ á♥❣✉❧♦

❞❡ ❧❡♥❣✉❛s ♣✉❡❞❡ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠♦ ✉♥ ✐♥❞✐❝❛❞♦r t❡♠♣r❛♥♦ ❞❡❧ s✐❣♥♦ ② ❝♦♥t❡♥✐❞♦ ❞❡ ❧❛

❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❜✐♣♦❧❛r❡s✳

❘❡❧❛❝✐♦♥❛♥❞♦ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞❡ ♠♦❞❡❧♦s ❞❡ ❡①tr❛♣♦❧❛❝✐ó♥

❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ❝♦♥ ❧❛ t♦rs✐ó♥ ❞❡ ✉♥ ú♥✐❝♦ t✉❜♦ ❞❡ ✢✉❥♦✱ ♣♦❞❡♠♦s ♦❜t❡♥❡r ❡❧ ♥ú♠❡r♦ ❞❡

✈✉❡❧t❛s ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛ ❧❛ ❡str✉❝t✉r❛ ❝♦r♦♥❛❧ ❞❡ ❧❛s ❘❆s✳ ❈♦♠♣❛r❛♠♦s ❡st❛ ❡st✐♠❛❝✐ó♥

❝❛❧❝✉❧❛❞❛ ❡♥ ❧❛ ❝♦r♦♥❛ ❝♦♥ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❞❡r✐✈❛❞♦ ❞✐r❡❝t❛♠❡♥t❡ ❞❡ ❧♦s ♠❛❣♥❡t♦✲

❣r❛♠❛s ❢♦t♦s❢ér✐❝♦s✳ ❊♥❝♦♥tr❛♠♦s ✉♥❛ r❡❧❛❝✐ó♥ ❧✐♥❡❛❧✱ ❡♥ ❧❛ q✉❡ ❧❛ t♦rs✐ó♥ ❝♦r♦♥❛❧ ❡s ✉♥

♦r❞❡♥ ❞❡ ♠❛❣♥✐t✉❞ ♠❡♥♦r q✉❡ ❧❛ ♦❜t❡♥✐❞❛ ❡♥ ❧❛ ❢♦tós❢❡r❛✳ ❊st❛ ❞✐❢❡r❡♥❝✐❛ ❡s ❝♦♥s✐st❡♥t❡

❝♦♥ ❞✐st✐♥t♦s tr❛❜❛❥♦s q✉❡ ♠✉❡str❛♥ q✉❡ ❧❛ t♦rs✐ó♥ ❞❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞♦ ❡♥ ❧❛ ❛t♠ós❢❡r❛

s♦❧❛r ❞✐s♠✐♥✉②❡ ❝♦♥ ❧❛ ❛❧t✉r❛ ✭●♦s❛✐♥ ❡t ❛❧✳✱ ✷✵✶✹❀ ❙❝❤♠✐❡❞❡r ❡t ❛❧✳✱ ✶✾✾✻✮✳ ❈♦♥❝❧✉✐♠♦s

q✉❡✱ ❛❞❡♠ás ❞❡ ❧❛ ❡①♣❛♥s✐ó♥ ♥❛t✉r❛❧ ❞❡ ❧❛s ❡str✉❝t✉r❛s ♠❛❣♥ét✐❝❛s q✉❡ ♣✉❡❞❡ ❧❧❡✈❛r ❛

✉♥❛ ❞✐s♠✐♥✉❝✐ó♥ ❞❡ ❧❛ t♦rs✐ó♥ ❝♦♥ ❧❛ ❛❧t✉r❛✱ ❡st❛ ❞✐❢❡r❡♥❝✐❛ ♣✉❡❞❡ ❞❡❜❡rs❡ ❛ q✉❡ ❧❛ t♦r✲

❋❡❜r❡r♦ ✷✵✶✼ ✶✺✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



s✐ó♥ ❢♦t♦s❢ér✐❝❛ ❞❡r✐✈❛❞❛ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡s ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s t♦t❛❧ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦

q✉❡ ❡♠❡r❣❡ ♠✐❡♥tr❛s q✉❡ ❛❧ ✉s❛r ♠♦❞❡❧♦s ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ❝♦♥s✐❞❡r❛♠♦s s♦❧❛♠❡♥t❡ ❡❧

♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❞❡ ❧❛ ♣❛rt❡ q✉❡ ②❛ ❤❛ ❡♠❡r❣✐❞♦ ❤❛❝✐❛ ❧❛ ❝♦r♦♥❛✳ ❊♥ ♦tr❛s ♣❛❧❛❜r❛s✱

❧❛ ❞✐❢❡r❡♥❝✐❛ ❡stá ❡♥ ❧❛ ♣r♦♣♦r❝✐ó♥ ❞❡❧ t✉❜♦ ❡♠❡r❣✐❞♦✳ ❆✉♥ ❛sí✱ ❧❛ ❝♦rr❡❧❛❝✐ó♥ ❡♥❝♦♥tr❛❞❛

❝♦♥✜r♠❛ q✉❡ ❡❧ ♣r♦❝❡❞✐♠✐❡♥t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ❡s ✉♥ ❜✉❡♥ ❡st✐♠❛❞♦r ❞❡ ❧❛ t♦rs✐ó♥ ❞❡ ❧❛s

❘❆s✳

❆♥❛❧✐③❛♠♦s ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ✶✽✼ ❘❆s ❜✐♣♦❧❛r❡s ♦❜s❡r✈❛❞❛s ❞✉r❛♥t❡ ❡❧ ❈✐❝❧♦

❙♦❧❛r ✷✸ ② ❡♥❝♦♥tr❛♠♦s q✉❡ ❧❛s ❧❡♥❣✉❛s s♦♥ ✉♥❛ ❝❛r❛❝t❡ríst✐❝❛ ♦❜s❡r✈❛❜❧❡ ❡♥ ❧❛ ♠❛②♦✲

rí❛ ❞❡ ❧❛s ❘❆s ❜✐♣♦❧❛r❡s✳ ❊st❡ r❡s✉❧t❛❞♦ ♠✉❡str❛ q✉❡ ❧❛s r❡❣✐♦♥❡s ❡stá♥ ❢♦r♠❛❞❛s ♣♦r ❧❛

❡♠❡r❣❡♥❝✐❛ t✉❜♦s ❞❡ ✢✉❥♦ ❝♦♥ ❞✐st✐♥t♦s ♥✐✈❡❧❡s ❞❡ t♦rs✐ó♥✳ P♦r ♦tr❛ ♣❛rt❡✱ ❡st✐♠❛♥❞♦ ❡❧

s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ♣❛r❛ ❡st❡ ❝♦♥❥✉♥t♦ ❞❡ r❡❣✐♦♥❡s✱ ❡♥❝♦♥tr❛♠♦s ✉♥❛ ❞é❜✐❧

t❡♥❞❡♥❝✐❛ ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ❝♦♥ ❡❧ ❤❡♠✐s❢❡r✐♦ ❞♦♥❞❡ s❡ ❡♥❝✉❡♥tr❛ ❧❛ ❘❆❀ ❧❛ ✈❛❧✐✲

❞❡③ ♦❜t❡♥✐❞❛ ♣❛r❛ ❡st❛ r❡❣❧❛ ❡s ❞❡ ✺✸ ✪ ❡♥ ❡❧ ❤❡♠✐s❢❡r✐♦ s✉r ② ✺✽ ✪ ❡♥ ❡❧ ♥♦rt❡✳ ❊st♦s

♣♦r❝❡♥t❛❥❡s ❝♦♥✜r♠❛♥ ❧❛ r❡❣❧❛ ❤❡♠✐s❢ér✐❝❛ ♦❜t❡♥✐❞❛ ❡♥ tr❛❜❛❥♦s ❛♥t❡r✐♦r❡s ❛ ♣❛rt✐r ❞❡

❡st✐♠❛❝✐♦♥❡s ❞❡❧ s✐❣♥♦ ❞❡ ❧❛ ❤❡❧✐❝✐❞❛❞ ✉s❛♥❞♦ ❞✐st✐♥t♦s ♦❜s❡r✈❛❜❧❡s ✭✈❡r P❡✈ts♦✈ ❡t ❛❧✳✱

✷✵✶✹✱ ② ❝✐t❛s ❛❧❧í ♠❡♥❝✐♦♥❛❞❛s✮✳

❊st✉❞✐❛♠♦s ❡❧ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ❛ ♣❛rt✐r ❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s

❞✉r❛♥t❡ ❧❛ ❡♠❡r❣❡♥❝✐❛ ❝♦♠♣❧❡t❛ ❞❡ ❧❛s r❡❣✐♦♥❡s✳ ❊st❡ ♣❛rá♠❡tr♦ ✐♥❞✐❝❛ ❡❧ ♠♦♠❡♥t♦ ❞❡

❧❛ ❡♠❡r❣❡♥❝✐❛ ❡♥ ❡❧ ❝✉❛❧ ❧❛s ❧❡♥❣✉❛s s♦♥ ♠ás ✐♥t❡♥s❛s ✐♥❞❡♣❡♥❞✐❡♥t❡♠❡♥t❡ ❞❡❧ s✐❣♥♦ ❞❡

❧❛ t♦rs✐ó♥✳ ❯♥ r❡s✉❧t❛❞♦ ❞❡st❛❝❛❜❧❡ ♠✉❡str❛ q✉❡ ❡st❛ ✈❛r✐❛❝✐ó♥ t✐❡♥❡ ✉♥❛ ❞✐str✐❜✉❝✐ó♥

●❛✉ss✐❛♥❛✱ ❝♦♥ ✉♥ ♠á①✐♠♦ ♣r♦♥✉♥❝✐❛❞♦ ❡♥ s✉ ✈❛❧♦r ♠❡❞✐♦✳ ❇✉s❝❛♥❞♦ ✐♥t❡r♣r❡t❛r ❡st❛

❞✐str✐❜✉❝✐ó♥ ♥♦r♠❛❧ ② ❛❧ ✈❡r q✉❡ ❡❧ ♠♦❞❡❧♦ ❛♥❛❧ít✐❝♦ s✐♠♣❧❡ ❡r❛ ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛ ✐♥t❡r✲

♣r❡t❛r ❧❛ ✈❛r✐❡❞❛❞ ❞❡ ♣❡r✜❧❡s ❞❡ t♦rs✐ó♥ ♦❜s❡r✈❛❞♦s✱ ❞❡s❛rr♦❧❧❛♠♦s ✉♥ ♥✉❡✈♦ ♠♦❞❡❧♦ ❞❡

❡♠❡r❣❡♥❝✐❛ q✉❡ ❛❞♠✐t❡ ✉♥❛ t♦rs✐ó♥ ✈❛r✐❛❜❧❡ ❡♥ ❡❧ ♣❡r✜❧ tr❛♥s✈❡rs❛❧ ❞❡❧ t✉❜♦✳ ❈♦♥ ✉♥

❜❛rr✐❞♦ ❞❡❧ ❡s♣❛❝✐♦ ❞❡ ♣❛rá♠❡tr♦s ❧✐❜r❡s q✉❡ t✐❡♥❡♥ ❡st♦s ♠♦❞❡❧♦s ♣✉❞✐♠♦s ✐♥t❡r♣r❡t❛r

❧♦s ✈❛❧♦r❡s ❞❡ ❧❛ ✈❛r✐❛❝✐ó♥ ❞❡❧ á♥❣✉❧♦ ❞❡ ❧❛s ❧❡♥❣✉❛s ② ❧❛ ❝♦rr❡s♣♦♥❞✐❡♥t❡ ✈❛r✐❛❝✐ó♥ ❞❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ✱ ♣❛r❛ ♠ás ❞❡❧ ✾✵ ✪ ❞❡ ❧❛s r❡❣✐♦♥❡s ♦❜s❡r✈❛s✳ ❆❧ ❡♥❝♦♥tr❛r ✉♥ ♣❡r✜❧ s✐♠✐❧❛r

❡♥ ❧❛ s✐♠✉❧❛❝✐ó♥ ♥✉♠ér✐❝❛✱ ❝♦♥❝❧✉✐♠♦s q✉❡ ❧♦s ❝❛♠❜✐♦s ❞❡ ❧❛ t♦rs✐ó♥ ❧♦❝❛❧ ❛ ❧♦ ❧❛r❣♦ ❞❡❧

t✉❜♦ ♣✉❡❞❡♥ ❡st❛r ♦❝❛s✐♦♥❛❞♦s ♣♦r ✉♥❛ ❝♦♠❜✐♥❛❝✐ó♥ ❞❡ ❢❛❝t♦r❡s q✉❡ s❡ ✐♥❝❧✉②❡♥ ❡♥ ❧❛

s✐♠✉❧❛❝✐ó♥ ❞❡ ❈❤❡✉♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✿ ♣♦r ❧❛ ❛❝❝✐ó♥ t✉r❜✉❧❡♥t❛ ❞❡❧ ♣❧❛s♠❛✱ ❧❛ ❡①♣❛♥s✐ó♥

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✺✾ ❋❡❜r❡r♦ ✷✵✶✼



❈♦♥❝❧✉s✐♦♥❡s

❛❞✐❛❜át✐❝❛ ❞❡❧ t✉❜♦ ❞✉r❛♥t❡ ❡❧ ❛s❝❡♥s♦ ②✴♦ ♣♦r ❧❛ ❝♦♠♣r❡s✐ó♥ ❞❡❧ á♣✐❝❡ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦

❝♦♥tr❛ ❧❛ s✉♣❡r✜❝✐❡ s✉❜❛❞✐❛❜át✐❝❛ ❛ ♥✐✈❡❧ ❞❡ ❧❛ ❢♦tós❢❡r❛✳ ❊s ✐♠♣♦rt❛♥t❡ ❞❡st❛❝❛r q✉❡ ❡st❡

❛♥á❧✐s✐s ❞❡❧ ♣❡r✜❧ ❞❡ t♦rs✐ó♥ ✈❛r✐❛❜❧❡ ❞❡ ❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ♥♦ ❤❛ s✐❞♦ ❛♥❛❧✐③❛❞❛ ♥✐ ❡♥

♠♦❞❡❧♦s ❛♥❛❧ít✐❝♦s ♥✐ ♥✉♠ér✐❝♦s ❞❡ ❡♠❡r❣❡♥❝✐❛✳

P♦r ú❧t✐♠♦✱ ❡st✉❞✐❛♠♦s ❡❧ ❡❢❡❝t♦ q✉❡ t✐❡♥❡♥ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❧❛ ❞❡t❡r♠✐♥❛❝✐ó♥ ❞❡❧

á♥❣✉❧♦ ❞❡ t✐❧t ✳ ❚♦♠❛♠♦s ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❘❆s ❜✐♣♦❧❛r❡s q✉❡ ❡s r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ❧❛ ❧❡②

❞❡ ❏♦② ♦❜t❡♥✐❞❛ ❡♥ ❞✐st✐♥t♦s tr❛❜❛❥♦s ✭▲✐ ✫ ❯❧r✐❝❤✱ ✷✵✶✷❀ ❙t❡♥✢♦ ✫ ❑♦s♦✈✐❝❤❡✈✱ ✷✵✶✷❀

❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❊♥❝♦♥tr❛♠♦s ✉♥❛ r❡❧❛❝✐ó♥ ❧❛t✐t✉❞✐♥❛❧ ❞❡❧ t✐❧t s✐♠✐❧❛r ❛ ❧❛ ♦❜t❡♥✐❞❛

♣♦r ▲✐ ✫ ❯❧r✐❝❤ ✭✷✵✶✷✮ ❝✉❛♥❞♦ ❝♦♥s✐❞❡r❛♠♦s ❡♥ ❡❧ ❝á❧❝✉❧♦ ❧♦s ❡❢❡❝t♦s ❞❡ ❧❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧

t✐❧t ❞✉r❛♥t❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛ ❞❡ ❧❛s ✶✽✼ ❘❆s s❡❧❡❝❝✐♦♥❛❞❛s✳ ❚♦♠❛♠♦s✱ ❞❡ ♥✉❡str♦

❝♦♥❥✉♥t♦ ♦r✐❣✐♥❛❧✱ ✻✶ ❘❆s ❝✉②❛ ❡✈♦❧✉❝✐ó♥ ❞❡❧ t✐❧t ❡s ❛❢❡❝t❛❞❛ ❞❡ ♠❛♥❡r❛ s✐❣♥✐✜❝❛t✐✈❛ ♣♦r

❧❛ ♣r❡s❡♥❝✐❛ ❞❡ ❧❡♥❣✉❛s ♠❛❣♥ét✐❝❛s ② ♣♦♥❡♠♦s ❛ ♣r✉❡❜❛ ❞♦s ♣r♦❝❡❞✐♠✐❡♥t♦s ♣❛r❛ r❡❞✉❝✐r

❡st❡ ❡❢❡❝t♦✳ ❊♥ ♣r✐♠❡r ❧✉❣❛r✱ ✐♠♣❧❡♠❡♥t❛♠♦s ✉♥ ♠ét♦❞♦ q✉❡ ✉t✐❧✐③❛ ✉♥ ✈❛❧♦r ✉♠❜r❛❧ ❞❡

❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♣❛r❛ ❧✐♠✐t❛r ❧♦s ♣í①❡❧❡s ❞❡❧ ♠❛❣♥❡t♦❣r❛♠❛ ✉s❛❞♦s ❡♥ ❡❧ ❝á❧❝✉❧♦

❞❡❧ t✐❧t ✳ ▼♦str❛♠♦s q✉❡ ❡st❡ ♠ét♦❞♦ ❡s ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛ r❡♠♦✈❡r ❡❧ ❡❢❡❝t♦ ❞❡ ❧❛s ❧❡♥❣✉❛s

② ❡♥❝♦♥tr❛♠♦s q✉❡ ❡❧ ✢✉❥♦ ❞❡ ❧❛s ♠✐s♠❛s ❡s✱ ❡♥ ❝✐❡rt♦s ❝❛s♦s✱ ❞♦♠✐♥❛♥t❡ ❞✉r❛♥t❡ ❧❛

♠❛②♦r ♣❛rt❡ ❞❡ ❧❛ ❢❛s❡ ❞❡ ❡♠❡r❣❡♥❝✐❛✳ P♦r ❧♦ t❛♥t♦✱ ♣r♦♣✉s✐♠♦s ② ❞❡s❛rr♦❧❧❛♠♦s ♦tr♦

♣r♦❝❡❞✐♠✐❡♥t♦ q✉❡ ❞✐st✐♥❣✉❡ ❡s♣❛❝✐❛❧♠❡♥t❡ ❧❛ ✉❜✐❝❛❝✐ó♥ ❛♥❣✉❧❛r ❛♣r♦①✐♠❛❞❛ ❞❡❧ ✢✉❥♦

❛①✐❛❧ ❛ ❝❛❞❛ ♠♦♠❡♥t♦ ❞❡ ❧❛ ❡♠❡r❣❡♥❝✐❛✳ ❊♥❝♦♥tr❛♠♦s q✉❡ ❡st❡ ú❧t✐♠♦ ♣r♦❝❡❞✐♠✐❡♥t♦

❧♦❣r❛ ✉♥❛ ❝♦rr❡❝❝✐ó♥ s♦❜r❡ ❧❛ ♠❛②♦rí❛ ❞❡ ❧♦s ✻✶ ❝❛s♦s ❡st✉❞✐❛❞♦s✳ ❆ ♣❡s❛r ❞❡ q✉❡ ❧❛

❡st❛❞íst✐❝❛ s♦❜r❡ ❧♦s ❝❛s♦s ❝♦rr❡❣✐❞♦s ♥♦ ❡s s✉✜❝✐❡♥t❡ ♣❛r❛ ❧❧❡❣❛r ❛ ❝♦♥❝❧✉s✐♦♥❡s ✜r♠❡s

s♦❜r❡ ❧♦s ❝❛♠❜✐♦s ❡♥ ❧❛ ❧❡② ❞❡ ❏♦②✱ ❤❡♠♦s ❡♥❝♦♥tr❛❞♦ ❧❛ ♠❛♥❡r❛ ❞❡ ❝✉❛♥t✐✜❝❛r ❡❧ ❡❢❡❝t♦

❞❡ ❧❛s ❧❡♥❣✉❛s s♦❜r❡ ❡❧ t✐❧t ✳ ❉❡ ❡st❛ ♠❛♥❡r❛ ♣♦❞r❡♠♦s ❝♦rr❡❣✐r❧♦ ② s❡♥t❛r ❧❛s ❜❛s❡s ♣❛r❛

tr❛❜❛❥♦s ❢✉t✉r♦s✳

◆✉❡str♦s r❡s✉❧t❛❞♦s ❛♣♦rt❛♥ ✐♥❢♦r♠❛❝✐ó♥ r❡❧❡✈❛♥t❡ s♦❜r❡ ❡❧ ♣r♦❝❡s♦ ❞❡ ❡♠❡r❣❡♥❝✐❛

❞❡ ✢✉❥♦ ❡♥ ❧❛s r❡❣✐♦♥❡s ❛❝t✐✈❛s q✉❡ ♣✉❡❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛❝♦t❛r ❧♦s ♣❛rá♠❡tr♦s ❞❡

❢✉t✉r♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛✳ ❆❞❡♠ás✱ ✐♥❝♦r♣♦r❛♥ ✉♥❛ ♥✉❡✈❛ ❞❡s❝r✐♣❝✐ó♥ ❞❡ ♣❛rá♠❡✲

tr♦s q✉❡ ❝❧❛r❛♠❡♥t❡ ♣❡r♠✐t✐rá♥ r❡str✐♥❣✐r ❧♦s ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❛❝t✉❛❧❡s ② ❢✉t✉r♦s✳

♦❜s❡r✈❛❜❧❡s ❡♥ ♠♦❞❡❧♦s ❞❡ ❡♠❡r❣❡♥❝✐❛ ❛❝t✉❛❧❡s ② ❡♥ r❡❣✐♦♥❡s ❛❝t✐✈❛s ❜✐♣♦❧❛r❡s✳

❋❡❜r❡r♦ ✷✵✶✼ ✶✻✵ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❆♣é♥❞✐❝❡ ❆

▼♦❞❡❧♦s ❞❡❧ ❈❛♠♣♦ ❈♦r♦♥❛❧

▲❛ ❣r❛♥ ✈❛r✐❡❞❛❞ ❞❡ ❢❡♥ó♠❡♥♦s ♦❜s❡r✈❛❞♦s ❡♥ ❧❛ ❛t♠ós❢❡r❛ s♦❧❛r✱ t❛♥t♦ ❡♥ ❧❛ ❝r♦♠ós✲

❢❡r❛ ❝♦♠♦ ❡♥ ❧❛ ❝♦r♦♥❛✱ ❡stá♥ ❢✉❡rt❡♠❡♥t❡ ❞♦♠✐♥❛❞♦s ♣♦r ❧❛ ❝♦♥✜❣✉r❛❝✐ó♥ ② ❞✐♥á♠✐❝❛

❞❡ ❧♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s✳ ❊♥ ❧❛ ❛❝t✉❛❧✐❞❛❞✱ ♥♦ ❡①✐st❡♥ ♠ét♦❞♦s ❞✐r❡❝t♦s ♣❛r❛ ♠❡❞✐r ❡❧

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❧❛ ❝♦r♦♥❛✳ ❯♥❛ ♠❛♥❡r❛ ❞❡ ✐♥❢❡r✐r ❧❛ ❡str✉❝t✉r❛ ♠❛❣♥ét✐❝❛ ❞❡ ❧❛s ❘❆s

❡s ❛ tr❛✈és ❞❡ ❧❛ ❡①tr❛♣♦❧❛❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞♦ ❛ ♥✐✈❡❧❡s ❢♦t♦s❢ér✐❝♦s✳ ▲❛s ❡①tr❛♣♦✲

❧❛❝✐♦♥❡s ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧❡s ② ♥♦ ❧✐♥❡❛❧❡s✱ ❝♦♠♣❧❡♠❡♥t❛❞❛s ❝♦♥ ♠♦❞❡❧♦s ❛♥á❧✐t✐❝♦s

❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧ ❤❛♥ ♣r♦✈✐st♦ ❞❡ ✐♠♣♦rt❛♥t❡ ✐♥❢♦r♠❛❝✐ó♥ ❛❝❡r❝❛ ❞❡ ❧❛ ❞✐♥á♠✐❝❛ ❞❡ ❧❛s

❘❆s✱ s✉ ❛❝t✐✈✐❞❛❞ ② ❡✈♦❧✉❝✐ó♥✳ ❊♥ ❡st❡ ❛♣é❞✐❝❡ ✐♥tr♦❞✉❝✐♠♦s ❧♦s ♠♦❞❡❧♦s ✉t✐❧✐③❛❞♦s ♣❛r❛

❡st✐♠❛r ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ✉♥❛ ❘❆ ❛ ♣❛rt✐r ❞❡ ❡①tr❛♣♦❧❛❝✐♦♥❡s ❧✐❜r❡ ❞❡ ❢✉❡r③❛s

❧✐♥❡❛❧ ❞❡❧ ❝❛♠♣♦ ❝♦r♦♥❛❧✳

❆✳✶✳ ❊①tr❛♣♦❧❛❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❧✐♥❡❛❧

▲❛s ❝♦♥❞✐❝✐♦♥❡s ❞❡❧ ♣❧❛s♠❛ ❡♥ ❧❛ ♣❛rt❡ ❝♦r♦♥❛❧ ❞❡ ❧❛s ❘❆s s♦♥ ❝♦♥s✐st❡♥t❡s ❝♦♥ ❧❛

❛♣r♦①✐♠❛❝✐ó♥ ❞❡ ❝❛♠♣♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s✱ ❞❛❞♦ q✉❡ ❧❛ ♣r❡s✐ó♥ ❞❡❧ ♣❧❛s♠❛ ❡s ❞❡s♣r❡❝✐❛❜❧❡

❢r❡♥t❡ ❛ ❧❛ ♣r❡s✐ó♥ ♠❛❣♥ét✐❝❛ ✭❙t✉rr♦❝❦✱ ✶✾✾✹✮✳ ❊st❛ ❝♦♥❞✐❝✐ó♥✱ ❝♦♥ β ≪ 1✱ ❡s ❡q✉✐✈❛❧❡♥t❡

❛ t❡♥❡r ❝♦rr✐❡♥t❡s ❡❧é❝tr✐❝❛s ♥✉❧❛s ❡♥ ❡❧ ♣❧❛s♠❛ ♦ ❜✐❡♥ ♣❛r❛❧❡❧❛s ❛❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥

❝❛❞❛ ♣✉♥t♦ ❞❡❧ ❡s♣❛❝✐♦✳ ▲❛ ❝♦♥❞✐❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s s❡ ♣✉❡❞❡ ❡s❝r✐❜✐r ❝♦♠♦✿

∇×B = αB, ✭❆✳✶✮

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✻✶ ❋❡❜r❡r♦ ✷✵✶✼



▼♦❞❡❧♦s ❞❡❧ ❈❛♠♣♦ ❈♦r♦♥❛❧

❡♥ ❞♦♥❞❡ B ❡s ❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ② α ❡s ✉♥❛ ❝♦♥st❛♥t❡ ✭❆❧✐ss❛♥❞r❛❦✐s✱ ✶✾✽✶✮✳ ❊♥t♦♥❝❡s✱

❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣✉❡❞❡ ♦❜t❡♥❡rs❡ ❛ ♣❛rt✐r ❞❡ ❧❛ r❡s♦❧✉❝✐ó♥ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✮ ♣❛r❛

✉♥ ✈❛❧♦r ❞❛❞♦ ❞❡ α ② ✉s❛♥❞♦ ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦ ❡❧ ❝❛♠♣♦ ♦❜s❡r✈❛❞♦ ❡♥ ❧❛

❢♦tós❢❡r❛✳

❯♥♦ ❞❡ ❧♦s ♠ét♦❞♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ r❡s♦❧✈❡r ❧❛s ❡❝✉❛❝✐♦♥❡s ❞✐❢❡r❡♥❝✐❛❧❡s ✭❆✳✶✮ ❡s ♠❡✲

❞✐❛♥t❡ ❡❧ ✉s♦ ❞❡ ❢✉♥❝✐♦♥❡s tr❛♥s❢♦r♠❛❞❛s ❞❡ ❋♦✉r✐❡r✳ ❚♦♠❛♥❞♦ ❡❧ ❡❥❡ z ♣❡r♣❡♥❞✐❝✉❧❛r ❛❧

♣❧❛♥♦ ❞❡ ❧❛ ❢♦tós❢❡r❛ ✭✉❜✐❝❛❞♦ ❡♥ z = 0✮✱ ❞❡✜♥✐♠♦s ❧❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❧❛ tr❛♥s❢♦r♠❛❞❛

❞❡ ❋♦✉r✐❡r ❞❡❧ ❝❛♠♣♦ ❝♦♠♦✿ B̂x(u, v, z)✱ B̂y(u, v, z) ② B̂z(u, v, z)✱ ❡♥ ❞♦♥❞❡ {x, y, z} s♦♥

❧❛s ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s ❞❡❧ ❡s♣❛❝✐♦ ♦❝✉♣❛❞♦ ♣♦r ❧❛ ❘❆ ② {u, v} s♦♥ ❝♦♦r❞❡♥❛❞❛s ❞❡❧

❡s♣❛❝✐♦ ❞❡ ❋♦✉r✐❡r✳ ❙✉♣♦♥✐❡♥❞♦ q✉❡ ❧❛s tr❡s ❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦ ❞❡❜❡♥ t❡♥❞❡r ❛ ❝❡r♦

❛❧ ❛❧❡❥❛rs❡ ❞❡ ❧❛ ❢♦tós❢❡r❛✱ ❝♦♥s✐❞❡r❛♠♦s s♦❧✉❝✐♦♥❡s q✉❡ ❞❡❝❛❡♥ ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❡♥ z✿

B̂(u, v, z) = exp (−kz)B̂(u, v, 0), ✭❆✳✷✮

❡♥ ❞♦♥❞❡ k ❡s ✉♥ ♣❛rá♠❡tr♦ ❛ ❞❡t❡r♠✐♥❛r ② B̂(u, v, 0) ❝♦rr❡s♣♦♥❞❡ ❛ ❧❛ tr❛♥s❢♦r♠❛❞❛

❞❡ ❋♦✉r✐❡r ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s♦❜r❡ ❧❛ ❢♦tós❢❡r❛✳ ❉❡❜✐❞♦ ❛ q✉❡ ❞❡s❡❛♠♦s ♦❜t❡♥❡r ❡❧

❝❛♠♣♦ ❡♥ ❧❛ ❝♦r♦♥❛ s♦❧❛r✱ ❡st✉❞✐❛♠♦s só❧♦ ❧❛s s♦❧✉❝✐♦♥❡s ❞❡♥tr♦ ❞❡ ✉♥❛ ❝❛❥❛ r❡❝t❛♥❣✉❧❛r

♣♦r ❡♥❝✐♠❛ ❞❡ ❧❛ ❢♦t♦s❡r❛ ✭z > 0✮✳ ❆♣❧✐❝❛♥❞♦ ❧❛ tr❛♥s❢♦r♠❛❝✐ó♥ ❞❡ ❋♦✉r✐❡r ❛ ❧❛ ❡❝✉❛✲

❝✐ó♥ ✭❆✳✶✮ ② ✉t✐❧✐③❛♥❞♦ ❧❛ ❡①♣r❡s✐ó♥ ✭❆✳✷✮ ❝♦♥ ❝♦♥❞✐❝✐♦♥❡s ♣❡r✐ó❞✐❝❛s ❡♥ ❧♦s ❝♦♥t♦r♥♦s

❧❛t❡r❛❧❡s ♦❜t❡♥❡♠♦s✿

αB̂x − kB̂y − i2πvB̂z = 0,

kB̂x + αB̂y + i2πuB̂z = 0, ✭❆✳✸✮

i2πvB̂x + i2πuB̂y + αB̂z = 0.

❊①✐st❡♥ s♦❧✉❝✐♦♥❡s ❞❡ ✭❆✳✸✮ ❝✉❛♥❞♦ ❡❧ ❞❡t❡r♠✐♥❛♥t❡ ❞❡❧ s✐st❡♠❛ ❡s ✐❣✉❛❧ ❛ ❝❡r♦✳ ❊st❛

❝♦♥❞✐❝✐ó♥ ✐♠♣❧✐❝❛ q✉❡ k2 = 4π2q2 − α2✱ ❝♦♥ q2 = u2 + v2✳ ❘❡❡♠♣❧❛③❛♥❞♦ ❧❛ ❡①♣r❡s✐ó♥ ❞❡

❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✷✮ ❡♥ ✭❆✳✸✮ ♣♦❞❡♠♦s ✈❡r q✉❡ ❧❛ s♦❧✉❝✐ó♥ ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ z > 0

s❡ ♣✉❡❞❡ ❡s❝r✐❜✐r ❡♥ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡ ♥♦r♠❛❧ ❡♥ z = 0✿

B̂(u, v, z) = Ĝ(u, v, z)B̂z(u, v, 0). ✭❆✳✹✮

❋❡❜r❡r♦ ✷✵✶✼ ✶✻✷ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❆✳✶✳ ❊❳❚❘❆P❖▲❆❈■Ó◆ ▲■❇❘❊ ❉❊ ❋❯❊❘❩❆❙ ▲■◆❊❆▲

▲♦s ✈❛❧♦r❡s ❞❡ α ❞❛♥ ❧✉❣❛r ❛ ❞♦s t✐♣♦s ❞❡ s♦❧✉❝✐♦♥❡s ♣❛r❛ Ĝ(u, v, z) ❡♥ ❡❧ ✈♦❧✉♠❡♥

❞❛❞♦✱ ♣❛r❛ ❧❛s ❝✉❛❧❡s k t♦♠❛ ✈❛❧♦r❡s r❡❛❧❡s ♦ ✐♠❛❣✐♥❛r✐♦s✳ ▲❛s s♦❧✉❝✐♦♥❡s ❝♦♥ k r❡❛❧

s❛t✐s❢❛❝❡♥ q✉❡ q ≥ |α|/2π✳ P♦❞❡♠♦s ✈❡r q✉❡ Ĝ(u, v, z) q✉❡❞❛ ❞❡✜♥✐❞❛ ❝♦♠♦✿

Ĝx = −i(uk − vα) exp (−kz)/2πq2,

Ĝy = −i(vk + uα) exp (−kz)/2πq2, ✭❆✳✺✮

Ĝz = exp (−kz).

❋✐♥❛❧♠❡♥t❡✱ ❧❛s ❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣✉❡❞❡♥ ♦❜t❡♥❡rs❡ ❛❧ ❤❛❝❡r ❧❛ tr❛♥s✲

❢♦r♠❛❝✐ó♥ ❞❡ ❋♦✉r✐❡r ✐♥✈❡rs❛ ❞❡ ✭❆✳✹✮✳ ▲❛ r✉t✐♥❛ ✉t✐❧✐③❛❞❛ r❡❛❧✐③❛ ✉♥❛ s✉♠❛ ❞✐s❝r❡t❛ ❞❡

❧♦s ♠♦❞♦s ❞❡ ❋♦✉r✐❡r ✭{nx, ny}✮ ❞❡✜♥✐❡♥❞♦ ❛ u = nx/Lx ② ❛ v = ny/Ly✱ ❡♥ ❞♦♥❞❡ Lx ②

Ly ❡s ❡❧ t❛♠❛ñ♦ ❞❡ ❧❛ ❝❛❥❛ q✉❡ ❝♦♥t✐❡♥❡ ❞❡ ❝♦♥t♦r♥♦ ❛ ❧❛ ❢♦tós❢❡r❛✳ ❊❧ ♥ú♠❡r♦ ❞❡ ♥♦❞♦s

♠á①✐♠♦ ✭{Nx, Ny}✮ ❧í♠✐t❛ ❧❛ r❡s♦❧✉❝✐ó♥ ❡s♣❛❝✐❛❧ ❞❡❧ ♠ét♦❞♦✳ ▲♦s ♠♦❞❡❧♦s r❡❛❧✐③❛❞♦s ❡♥

❡st❡ tr❛❜❛❥♦ ❝✉❡♥t❛♥ ❝♦♥ ✷✺✻ ♠♦❞♦s ❞❡ ❋♦✉r✐❡r ❡♥ ❝❛❞❛ ❝♦♦r❞❡♥❛❞❛ {x, y} ② ✸✵✵ ♣✉♥t♦s

❞❡ ❣r✐❧❧❛ ❡♥ z✳

▲❛ ❝♦♥❞✐❝✐ó♥ s♦❜r❡ α ♣❛r❛ ♦❜t❡♥❡r s♦❧✉❝✐♦♥❡s ❝♦♥ k r❡❛❧ q✉❡❞❛ ❞❡t❡r♠✐♥❛❞❛ ♣♦r ❧❛

❧♦♥❣✐t✉❞ ❞❡ ❧❛ ❝❛❥❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❧❛ ❡①tr❛♣♦❧❛❝✐ó♥✱ ❞❡✜♥✐❡♥❞♦ ✉♥ ✈❛❧♦r ❞❡ α ♠á①✐♠♦ ♣❛r❛

✉♥ ❞❛❞♦ Lx ② Ly✿

α2
max = π2

( 1

L2
x

+
1

L2
y

)
. ✭❆✳✻✮

❯s❛♥❞♦ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❢♦t♦s❢ér✐❝♦s ❝♦♠♦ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦✱ ❡❧ ❝ó❞✐❣♦ ❞❡

❡①tr❛♣♦❧❛❝✐ó♥ ♣r♦✈❡❡✱ ♣❛r❛ ✉♥ ✈❛❧♦r ❞❡❧ ♣❛rá♠❡tr♦ α✱ ❧❛s tr❡s ❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡♥ ❝❛❞❛ ♣✉♥t♦ ❞❡ ❧❛ ❣r✐❧❧❛ r❡❝t❛♥❣✉❧❛r ❝♦rr❡s♣♦♥❞✐❡♥t❡ ❛❧ ✈♦❧✉♠❡♥ q✉❡ ♦❝✉♣❛ ❧❛

❘❆ ❡♥ ❧❛ ❝♦r♦♥❛✳ ❯s❛♥❞♦ ♠♦❞❡❧♦s ❝♦♥ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ α ♣♦❞❡♠♦s ✐♥t❡❣r❛r ② tr❛③❛r

❧í♥❡❛s ❞❡ ❝❛♠♣♦ ② ❝♦♠♣❛r❛r❧❛s ❝♦♥ ❡❧ tr❛③♦ ❞❡ ❧♦s ❛r❝♦s ❝♦r♦♥❛❧❡s ♦❜s❡r✈❛❞♦s ❡♥ ❊■❚ ♦

❆■❆✳

❈♦♠♦ ✈✐♠♦s ❡♥ ❡❧ ❈❛♣ít✉❧♦ ✶✱ ❧♦s ♠❛❣♥❡t♦❣r❛♠❛s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❛♥ ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❢♦t♦s❢ér✐❝♦ ♣r♦②❡❝t❛❞♦ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧✳ P♦r ❧♦ t❛♥t♦✱ ❧❡❥♦s

❞❡❧ ❝❡♥tr♦ ❞❡❧ ❞✐s❝♦ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡❧ ❝❛♠♣♦ ✭Bl✮ ❞✐✜❡r❡ ❞❡ ❧❛ ❝♦♠♣♦♥❡♥t❡

♥♦r♠❛❧ ❛ ❧❛ ❢♦tós❢❡r❛ ✭Bz✮✳ ❊s ♣♦s✐❜❧❡ ❡①♣r❡s❛r ❛ Bl ❝♦♠♦ ❢✉♥❝✐ó♥ ❞❡ ❧❛s ❝♦♠♣♦♥❡♥t❡s

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✻✸ ❋❡❜r❡r♦ ✷✵✶✼



▼♦❞❡❧♦s ❞❡❧ ❈❛♠♣♦ ❈♦r♦♥❛❧

❞❡❧ ❝❛♠♣♦ ❧♦❝❛❧ ❡♥ {x, y, z} ✉s❛♥❞♦ ✉♥❛ tr❛♥s❢♦r♠❛❝✐ó♥ ❧✐♥❡❛❧ ❝♦♥ ❝♦s❡♥♦s ❞✐r❡❝t♦r❡s✿

Bl = aBx+bBy+cBz❀ ❡♥ ❞♦♥❞❡ {a, b, c} ❞❡♣❡♥❞❡♥ ❞❡ ❧❛ ❧❛t✐t✉❞ ② ❧❛ ❧♦♥❣✐t✉❞ ❤❡❧✐♦❣rá✜❝❛

❡♥ ❞♦♥❞❡ s❡ ❡♥❝✉❡♥tr❡ ❧❛ r❡❣✐ó♥ ❛❝t✐✈❛✳ ❉❡ ❡st❛ ♠❛♥❡r❛ s❡ ❝♦rr✐❣❡ ❧❛ ❝♦♥❞✐❝✐ó♥ ❞❡ ❝♦♥t♦r♥♦

❞❡❧ ♠♦❞❡❧♦ ♣❛r❛ ❝✉❛❧q✉✐❡r ✉❜✐❝❛❝✐ó♥ s♦❜r❡ ❡❧ ❞✐s❝♦✳ P❛r❛ ❝♦♠♣❛r❛r ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦

❞❡❧ ♠♦❞❡❧♦ ❝♦♥ ❧♦s ❛r❝♦s ♦❜s❡r✈❛❞♦s s❡ ♣r♦②❡❝t❛ ❧❛ ❝❛❥❛ ❡♥ ❧❛ ❞✐r❡❝❝✐ó♥ ❞❡ ❧❛ ✈✐s✉❛❧✳

❆✳✷✳ ❚✉❜♦ ❞❡ ✢✉❥♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s✿ ▼♦❞❡❧♦ ❞❡ ▲✉♥❞q✉✐st

❊♥ ❡st❛ s❡❝❝✐ó♥ ♦❜t❡♥❡♠♦s ✉♥❛ r❡❧❛❝✐ó♥ ❡♥tr❡ ❡❧ ♣❛rá♠❡tr♦ α ❞❡❧ ♠♦❞❡❧♦ ❧✐❜r❡ ❞❡

❢✉❡r③❛s ❧✐♥❡❛❧ ② ❧❛ ❤❡❧✐❝✐❞❛❞ ♠❛❣♥ét✐❝❛ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝✐❧í♥❞r✐❝♦ r❡❝t♦ ❝♦♥ t♦rs✐ó♥

❞❛❞❛ ♣♦r ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s Nt ✭✈❡r ❡❝✉❛❝✐ó♥ ✭✷✳✼✮✮ ❞❡ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ ❛❧r❡❞❡❞♦r ❞❡❧

❡❥❡ ❞❡❧ t✉❜♦✳ ❊❧ ♦❜❥❡t✐✈♦ ❡s ❝♦♠♣❛r❛r❧♦ ❝♦♥ ❡❧ r❡s✉❧t❛❞♦ ♦❜t❡♥✐❞♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✻✮✳

❯s❛♠♦s ❧❛ ♣❛r❛ s♦❧✉❝✐ó♥ ✉♥ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝✐❧í♥❞r✐❝♦ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❝♦♥ α ❝♦♥s✲

t❛♥t❡✱ ❝♦♥♦❝✐❞❛ ❝♦♠♦ ❧❛ s♦❧✉❝✐ó♥ ❞❡ ▲✉♥❞q✉✐st ✭✈❡r ❙t✉rr♦❝❦ ✭✶✾✾✹✮✮✿

B = (Br, Bθ, Bz) = B0(0, J1(αr), J0(αr)), ✭❆✳✼✮

❡♥ ❞♦♥❞❡ B0 ❡s ❧❛ ✐♥t❡♥s✐❞❛❞ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♥ ❡❧ ❡❥❡ ❞❡❧ t✉❜♦❀ J0 ② J1 s♦♥ ❧❛s

❢✉♥❝✐♦♥❡s ❞❡ ❇❡ss❡❧ ❞❡ ♦r❞❡♥ ✵ ② ✶✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❉❛❞❛s ❧❛s ❝♦♠♣♦♥❡♥t❡s r❛❞✐❛❧ ②

❛③✐♠✉t❛❧ ❞❡❧ ❝❛♠♣♦✱ ❧❛ t♦rs✐ó♥ ✭❡①♣r❡s❛❞❛ ❝♦♠♦ ❡❧ á♥❣✉❧♦ ♣♦r ✉♥✐❞❛❞ ❞❡ ❧♦♥❣✐t✉❞✮ ❞❡❧

t✉❜♦ ♣✉❡❞❡ ❡s❝r✐❜✐rs❡ ❝♦♠♦✿

b(r) =
dθ

dz
=

1

r

Bθ

Bz
. ✭❆✳✽✮

❊♥t♦♥❝❡s✱ ♣❛r❛ ❧❛ s♦❧✉❝✐ó♥ ❞❡ ▲✉♥❞q✉✐st✿

b(r) =
J1(αr)

rJ0(αr)
✭❆✳✾✮

▲❛ ❡❝✉❛❝✐ó♥ ❛♥t❡r✐♦r ❞✐✈❡r❣❡ ❛ ♠❡❞✐❞❛ q✉❡ J0 s❡ ❛❝❡r❝❛ ❛ s✉ ♣r✐♠❡r❛ r❛✐③ ✭αr ≈
2,4✮✱ ♣❡r♦ ♣❛r❛ ✈❛❧♦r❡s ♠❡♥♦r❡s ❞❡ r ✭αr . 1✮✱ ♣✉❡❞❡ ❞❡♠♦str❛rs❡ q✉❡ b(r) ≈ α/2 ✭✈❡r

▲♦♥❣❝♦♣❡ ✫ ❲❡❧s❝❤ ✭✷✵✵✵✮✮✳ ❉❡❜✐❞♦ ❛ q✉❡ b(r) ❡s ❡❧ á♥❣✉❧♦ ❡♥ r❛❞✐❛♥❡s ♣♦r ✉♥✐❞❛❞ ❞❡

❧♦♥❣✐t✉❞✱ ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s ❡♥ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❞❡ ❧❛r❣♦ L ❡s

❋❡❜r❡r♦ ✷✵✶✼ ✶✻✹ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❆✳✷✳ ❚❯❇❖ ❉❊ ❋▲❯❏❖ ▲■❇❘❊ ❉❊ ❋❯❊❘❩❆❙✿ ▼❖❉❊▲❖ ❉❊ ▲❯◆❉◗❯■❙❚

Nα =
bL

2π
≈ αL

4π
. ✭❆✳✶✵✮

❆q✉í ✉s❛♠♦s ❡❧ s✉❜í♥❞✐❝❡ α ♣❛r❛ ❞✐st✐♥❣✉✐r ❡st❡ ✈❛❧♦r ❞❡ NH ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭✹✳✻✮ ②

Nt ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭✷✳✼✮✳

❊❧ ❝á❧❝✉❧♦ r❡❛❧✐③❛❞♦ ❝♦♥s✐❞❡r❛ ❡❧ ❝❛s♦ s✐♠♣❧❡ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ r❡❝t♦✳ ❙✐♥ ❡♠❜❛r❣♦✱

❧♦s t✉❜♦s ❞❡ ✢✉❥♦ ❡♠❡r❣❡♥t❡s q✉❡ ❢♦r♠❛♥ ❧❛s ❘❆s t✐❡♥❡♥ ✉♥❛ ❣❡♦♠❡trí❛ t♦r♦✐❞❛❧ ✭s✐♠✐❧❛r

❛ ❧❛ ❧❡tr❛ ❣r✐❡❣❛ Ω✮✳ ❈❛❧❝✉❧❛r ❧❛ t♦rs✐ó♥ ❡♥ ❡❧ ❝❛s♦ ❞❡ ✉♥ t✉❜♦ ❞♦❜❧❛❞♦ ❡♥ ❢♦r♠❛ ❞❡ Ω

r❡s✉❧t❛ ♠ás ❝♦♠♣❧✐❝❛❞♦✱ ❞❡❜✐❞♦ ❛ q✉❡ ❡♥ ❡s❡ ❝❛s♦ ❧❛s ❧í♥❡❛s ❞❡ ❝❛♠♣♦ s❡ ❞❡❢♦r♠❛rí❛♥ ❛❧

r❡❞✐str✐❜✉✐r ❧❛ t❡♥s✐ó♥ ♠❛❣♥ét✐❝❛ ② ❧♦s t♦rq✉❡s ❛s♦❝✐❛❞♦s ❛ ❧❛ t♦rs✐ó♥ ❞❡❧ ❡❥❡ ❞❡❧ t✉❜♦✳

❙✐♥ ❡♠❜❛r❣♦✱ ♣❛r❛ ♣r♦✈❡❡r ✉♥❛ r❡❧❛❝✐ó♥ s✐♠♣❧❡ ❡♥tr❡ ❧❛ t♦rs✐ó♥ ② ❡❧ ♣❛rá♠❡tr♦ α ❡♥

♥✉❡str♦ ❛♥á❧✐s✐s✱ ❝♦♥s✐❞❡r❛♠♦s q✉❡ ❧❛ ❡①♣r❡s✐ó♥ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✵✮ ❡s s✉✜❝✐❡♥t❡✳ ❈♦♠♦

s✐♠♣❧❡ ❛♣r♦①✐♠❛❝✐ó♥✱ ❡s ♣♦s✐❜❧❡ ❞♦❜❧❛r ❣❡♦♠étr✐❝❛♠❡♥t❡ ❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡st✉❞✐❛❞♦ ❤❛❝✐❛

❧❛ ❡str✉❝t✉r❛ ❞❡ ♠❡❞✐♦ t♦r♦✳ ❊♥t♦♥❝❡s✱ ♣❛r❛ ✉♥❛ ❘❆ ❜✐♣♦❧❛r ✐❞❡❛❧ ❝♦♥ s✉s ♣♦❧❛r✐❞❛❞❡s

♣r✐♥❝✐♣❛❧❡s s❡♣❛r❛❞❛s ✉♥❛ ❞✐st❛♥❝✐❛ D✱ ❡❧ ❧❛r❣♦ ❞❡ ♠❡❞✐♦ t♦r♦ ❡s πD/2✳ ▼♦❞✐✜❝❛♥❞♦ ❧❛

❡❝✉❛❝✐ó♥ ✭❆✳✶✵✮✱

Nα =
αD

8
. ✭❆✳✶✶✮

▲❛ s❡♣❛r❛❝✐ó♥ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s D ❡s ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ❧❛ ❞✐st❛♥❝✐❛ ❡♥tr❡ ❧♦s ❝❡♥tr♦s

❞❡ ✢✉❥♦ ❞❡ ❧❛s ♣♦❧❛r✐❞❛❞❡s ♣♦s✐t✐✈❛ ② ♥❡❣❛t✐✈❛ ✭✈❡r ❙❡❝❝✐ó♥ ✸✳✷✮ ♣❛r❛ ✈❛❧♦r❡s ❞❡❧ ❝❛♠✲

♣♦ ♠❛❣♥ét✐❝♦ ❧♦♥❣✐t✉❞✐♥❛❧ s✉♣❡r✐♦r❡s ❛ ✶✵●✳ ▲❛ ❡①♣r❡s✐ó♥ ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮ ♣✉❡❞❡

❝♦♠♣❛r❛rs❡ ❝♦♥ ✉♥ r❡s✉❧t❛❞♦ s✐♠✐❧❛r ❞❡ P❡✈ts♦✈ ❡t ❛❧✳ ✭✷✵✵✸✮ ✭❊❝✉❛❝✐ó♥ ✭✶✮✮✱ ❝♦♥ só❧♦

r❡❡♠♣❧❛③❛r ❡❧ 8 ❞❡❧ ❞❡♥♦♠✐♥❛❞♦r ♣♦r ✷π✳ P❛r❛ ❝♦♠♣❛r❛r ❡st❡ r❡s✉❧t❛❞♦✱ ❡♥ ❧❛ s✐❣✉✐❡♥t❡

s❡❝❝✐ó♥ ❛♥❛❧✐③❛♠♦s ❡❧ ❝❛s♦ ❞❡ ✉♥ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✱ ❝♦♥♦❝✐❞♦ ❝♦♠♦ ❡❧

♠♦❞❡❧♦ ❞❡ ●♦❧❞✕❍♦②❧❡✳ ▼♦str❛♠♦s q✉❡ ❛ ♣❡s❛r ❞❡ q✉❡ ❡♥ ❡❧ ♠♦❞❡❧♦ ❞❡ ●♦❧❞✕❍♦②❧❡ α

❡s ✉♥❛ ❢✉♥❝✐ó♥ ❞❡ ❧❛ ♣♦s✐❝✐ó♥ ❛ ❧♦ ❧❛r❣♦ ❞❡❧ r❛❞✐♦ ❞❡❧ t✉❜♦✱ ❜❛❥♦ ❝✐❡rt❛s ❝♦♥❞✐❝✐♦♥❡s ❧❛

❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮ ❡s ✈á❧✐❞❛✳ ❊♥ ❧❛ ú❧t✐♠❛ ❝♦❧✉♠♥❛ ❞❡ ❧❛ ❚❛❜❧❛ ✹✳✶ ❧✐st❛♠♦s ❧♦s ✈❛❧♦r❡s ❞❡

Nα ❝❛❧❝✉❧❛❞♦s ❝♦♥ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮ ♣❛r❛ ✉♥ ❝♦♥❥✉♥t♦ ❞❡ ❘❆✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✻✺ ❋❡❜r❡r♦ ✷✵✶✼



▼♦❞❡❧♦s ❞❡❧ ❈❛♠♣♦ ❈♦r♦♥❛❧

❆✳✸✳ ▼♦❞❡❧♦ ❞❡ ●♦❧❞✲❍♦②❧❡

❈♦♥s✐❞❡r❡♠♦s ❡❧ ❝❛s♦ ❞❡ t✉❜♦ ❞❡ ✢✉❥♦ ❝♦♥ t♦rs✐ó♥ ✉♥✐❢♦r♠❡✱ ♦ s❡❛ ❝♦♥ b ❝♦♥st❛♥t❡ ❡♥

❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✽✮✳ ❊st♦ ❝♦rr❡s♣♦♥❞❡ ❛❧ ♠♦❞❡❧♦ ❞❡s❛rr♦❧❧❛❞♦ ♣♦r ●♦❧❞ ✫ ❍♦②❧❡ ✭✶✾✻✵✮✳ ❊♥

❡st❡ ♠♦❞❡❧♦ ❛♥á❧✐t✐❝♦✱ α ❡s ✉♥❛ ❢✉♥❝✐ó♥ ❞❡ r✳ ❊❧ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❡♥

❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s ❡s B = (0, Bθ(r), Bz(r))✳ ❊s❝r✐❜✐❡♥❞♦ ❧❛ ❡❝✉❛❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s

❡❝✉❛❝✐ó♥ ✭❆✳✶✮ ❡♥ ❧❛ ❢♦r♠❛✿

(∇×B)×B = 0, ✭❆✳✶✷✮

② ✉s❛♥❞♦ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✽✮ s❡ ♣✉❡❞❡♥ ♦❜t❡♥❡r ❧❛s ❝♦♠♣♦♥❡♥t❡s ❞❡❧ ❝❛♠♣♦✿

Bz =
B0

(1 + b2r2)
, Bθ =

B0 r b

(1 + b2r2)
. ✭❆✳✶✸✮

❘❡♠♣❧❛③❛♥❞♦ ❡st❛s ❡①♣r❡s✐♦♥❡s ❡♥ ❧❛ ❡❝✉❛❝✐ó♥ ❧✐❜r❡ ❞❡ ❢✉❡r③❛s ❡s❝r✐t❛ ❡♥ s✉ ❢♦r♠❛

✉s✉❛❧✿ ∇×B = αB✱ ② r❡s♦❧✈✐❡♥❞♦❧❛ ♣❛r❛ α ❡♥ ❝✉❛❧q✉✐❡r❛ ❞❡ ❧❛s ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❧❛

❡❝✉❛❝✐ó♥✱ ♦❜t❡♥❡♠♦s✿

α(r) =
2b

(1 + b2r2)
. ✭❆✳✶✹✮

❊st❛ ❡①♣r❡s✐ó♥ ♠✉❡str❛ ❧❛ ❞❡♣❡♥❞❡♥❝✐❛ ❞❡ α ❝♦♥ r✳ ❉❡✜♥✐♠♦s ❡❧ ✈❛❧♦r ♠❡❞✐♦ ❞❡ α ❛

❧♦ ❧❛r❣♦ ❞❡❧ t✉❜♦ ❞❡ ✢✉❥♦ ❞❡ r❛❞✐♦ a ❝♦♠♦✿

ᾱ =
1

a

∫ a

0

2b dr

(1 + b2r2)
=

2

a
arctan(ab). ✭❆✳✶✺✮

❘❡s♦❧✈✐❡♥❞♦ ❡st❛ ú❧t✐♠❛ ♣❛r❛ b ② ✉s❛♥❞♦ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✵✮✱ ❡♥❝♦♥tr❛♠♦s q✉❡

Nᾱ =
L

2πa
tan

( ᾱa
2

)
. ✭❆✳✶✻✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ❡♥ ❣❡♥❡r❛❧ ᾱa ❡s ♣❡q✉❡ñ♦✱ tan
(
ᾱa
2

)
≈ ᾱa

2 ② ❧✉❡❣♦ ✉s❛♥❞♦ q✉❡

L = πD/2✿

Nᾱ ≈ ᾱD

8
. ✭❆✳✶✼✮

❋❡❜r❡r♦ ✷✵✶✼ ✶✻✻ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s



❆✳✸✳ ▼❖❉❊▲❖ ❉❊ ●❖▲❉✲❍❖❨▲❊

❘❡❡♠♣❧❛③❛♥❞♦ ᾱ ♣♦r α r❡❝✉♣❡r❛♠♦s ❡❧ r❡s✉❧t❛❞♦ ❞❡ ❧❛ ❡❝✉❛❝✐ó♥ ✭❆✳✶✶✮✳ ❊st♦ ❞❡✲

♠✉❡str❛ q✉❡✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣r♦①✐♠❛❝✐♦♥❡s r❛③♦♥❛❜❧❡s✱ ❧♦s ❞♦s ♠♦❞❡❧♦s ♠ás ✉s✉❛❧❡s q✉❡

❞❡s❝r✐❜❡♥ t✉❜♦s ❞❡ ✢✉❥♦ ♣r♦♣♦r❝✐♦♥❛♥ r❡❧❛❝✐♦♥❡s s✐♠✐❧❛r❡s ❡♥tr❡ α ② ❡❧ ♥ú♠❡r♦ ❞❡ ✈✉❡❧t❛s✱

❛ ♣❡s❛r ❞❡ q✉❡ ❡♥ ♥❛t✉r❛❧❡③❛ s❡❛♥ ❞✐st✐♥t♦s ✭ α ❡s ❝♦♥st❛♥t❡ ♣❛r❛ ❡❧ ♠♦❞❡❧♦ ❞❡ ▲✉♥❞q✉✐st

♠✐❡♥tr❛s q✉❡ ❞❡♣❡♥❞❡ ❞❡ r ♣❛r❛ ❡❧ ❞❡ ●♦❧❞✕❍♦②❧❡✮✳

❯♥✐✈❡rs✐❞❛❞ ❞❡ ❇✉❡♥♦s ❆✐r❡s ✶✻✼ ❋❡❜r❡r♦ ✷✵✶✼
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❋❡❜r❡r♦ ✷✵✶✼ ✶✻✽ ❚❡s✐s ❞❡ ❉♦❝t♦r❛❞♦ ❡♥ ❈✐❡♥❝✐❛s ❋ís✐❝❛s
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✷✼✸✱ P❤②s✐❝s ♦❢ ❙✉♥ ❛♥❞ ❙t❛r ❙♣♦ts✱ ❡❞✳ ❉✳ Pr❛s❛❞ ❈❤♦✉❞❤❛r② ✫ ❑✳ ●✳ ❙tr❛ss♠❡✐❡r✱
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P❡✈ts♦✈✱ ❆✳ ❆✳✱ ✫ ❇❛❧❛s✉❜r❛♠❛♥✐❛♠✱ ❑✳ ❙✳ ✷✵✵✸✱ ❆❞✈✳ ❙♣❛❝❡ ❘❡s✳✱ ✸✷✱ ✶✽✻✼
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