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✷✵✵✸ ✲ ✷✵✵✼✿ ❇❛❝❤❛�❡❧❛❞♦ ❡♠ ◗✉"♠✐❝❛✱ ❯♥✐✈❡��✐❞❛❞❡ ❊��❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛�

✭❯◆■❈❆▼
✮✱ ❈❛♠♣✐♥❛� ✲ ❙
✳

• Mestrado

❉✐♥�♠✐❝❛ ▼♦❧❡❝✉❧❛
 ❞❡ ❆
�✐❝❛�♥❛ ❡♠ ▼❡♠❜
❛♥❛� �❖�❈✳

❖�✐❡♥�❛❞♦�✿ 
�♦❢✳ ❉�✳ ▼✉♥✐� ❙✳ ❙❦❛❢ ✭■♥��✐�✉�♦ ❞❡ ◗✉"♠✐❝❛ ✲ ❯◆■❈❆▼
✮

❈♦✲♦�✐❡♥�❛❞♦�✿ ❉�❛✳ ▼3♥✐❝❛ 
✐❝❦❤♦❧③ ✭❋❛❝✉❧�❛❞ ❞❡ ❋❛�♠❛❝✐❛ ② ❇✐♦7✉✐♠✐❝❛ ✲

❯❇❆✱ ❇✉❡♥♦� ❆✐�❡�✮

■♥��✐�✉✐89♦✿ ■♥��✐�✉�♦ ❞❡ ◗✉"♠✐❝❛✱ ❯◆■❈❆▼
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✳
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• Prêmios e Distinções
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x Curriculum Vitae

• Iniciação Cient́ıfica

✶✵✴✷✵✵✺ ❛ ✵✽✴✷✵✵✼✿ ❵❉✐♥�♠✐❝❛ ▼♦❧❡❝✉❧❛� ❞❡ ❆♠✐♥♦�❝✐❞♦� ❡ �❡♣��❞❡♦� ❡♠

❙♦❧✉ !♦ ❆"✉♦�❛✳✬ ❖�✐❡♥�❛❞♦�✿ ��♦❢✳ ❉�✳ ▼✉♥✐� ❙✳ ❙❦❛❢✳ ■♥��✐�✉✐ !♦✿ ❯◆■✲

❈❆▼�✳ ❇♦❧�❛ ❋❆�❊❙�✳

• Artigos em preparação

✶✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼3♥✐❝❛ �✐❝❦❤♦❧③ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏▼♦❧❡❝✉❧❛� ❞②♥❛♠✐❝�

��✉❞② ♦♥ ❛❧❛♥✐♥❡ ❛♥❞ �♠❛❧❧ ❤♦♠♦❧♦❣♦✉� �❡�✐❡� ♦❢ �❤✐� ❛♠✐♥♦ ❛❝✐❞ ✐♥

❛"✉❡♦✉� �♦❧✉�✐♦♥�✑✱ ✷✵✵✾✳

✷✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼3♥✐❝❛ �✐❝❦❤♦❧③ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏◆❡✇ ♣❛�❛♠❡�❡�� ❢♦�

❛��✐❝❛✐♥❡ ❧♦❝❛❧ ❛♥❡��❤❡�✐❝ ❜❛�❡❞ ♦♥ ❈❍❆❘▼▼ ❢♦�❝❡ ✜❡❧❞✑ ✷✵✵✾✳

✸✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ❚❤❛�� ❋✳ ❙♦✉③❛✱ ▲❡♦♥❛�❞♦ ❋✳ ❋�❛❝❡�♦✱ ▼3♥✐❝❛ �✐❝❦❤♦❧③

❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❉✐���✐❜✉�✐♦♥ ♦❢ ♥❡✉��❛❧ ❛��✐❝❛✐♥❡ ✐♥ ❛ ♣❤♦�♣❤♦❧✐♣✐❞

❜✐❧❛②❡�✿ ✐♥�✐❣❤�� ❢�♦♠ ♠♦❧❡❝✉❧❛� ❞②♥❛♠✐❝� �✐♠✉❧❛�✐♦♥�✑✱ ✷✵✵✾✳

✹✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼3♥✐❝❛ �✐❝❦❤♦❧③ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏▼♦❧❡❝✉❧❛� ❞②♥❛♠✐❝�

��✉❞② ♦❢ ❛��✐❝❛✐♥❡ ✐♥ �❖�❈ ♠❡♠❜�❛♥❡�✑✱ ✷✵✵✾✳

• Trabalhos apresentados em congressos

✶✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼3♥✐❝❛ �✐❝❤♦❧③ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❉✐♥�♠✐❝❛ ♠♦❧❡❝✉✲

❧❛� ❞❛ ❛��✐❝❛�♥❛ ❡♠ ♠❡♠❜�❛♥❛� �❖�❈✳✑ ■ ❲♦�❦�❤♦♣ ❚❡♠��✐❝♦ ✲ ◆♦✈❛�

❋♦�♠✉❧❛ E❡� ❋❛�♠❛❝F✉�✐❝❛� ❞❡ ❆♥❡��G�✐❝♦� ▲♦❝❛✐� ❞❡ ❆ !♦ ��♦❧♦♥❣❛❞❛✱

✷✵✵✾✱ ■♥��✐�✉�♦ ❞❡ ❇✐♦❧♦❣✐❛ ❞❛ ❯◆■❈❆▼�✱ ❈❛♠♣✐♥❛� ✲ ❙� ✭❞✐✈✉❧❣❛ !♦✿

♣❛❧❡���❛✮✳

✷✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼3♥✐❝❛ �✐❝❦❤♦❧③ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❆��✐❝❛✐♥❡ �❡❧❢✲❛��♦❝✐❛�✐♦♥

❛♥❞ ✐♥�❡�❛❝�✐♦♥ ✇✐�❤ ♠❡♠❜�❛♥❡✿ ❛ �❤❡♦�❡�✐❝❛❧ ��✉❞② ♦❢ ❧♦❝❛❧ ❛♥❡��❤❡�✐❛✳✑

❚❤❡ ✹th ❇�❛③✐❧✐❛♥ ❙②♠♣♦�✐✉♠ ♦♥ ▼❡❞✐❝✐♥❛❧ ❈❤❡♠✐���②✱ ✷✵✵✽✱ �♦��♦ ❞❡

●❛❧✐♥❤❛� ✲ �❊ ✭❞✐✈✉❧❣❛ !♦✿ ♣♦��❡� ❡ �❡�✉♠♦ ❡❧❡��K♥✐❝♦✮✳

✸✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼3♥✐❝❛ �✐❝❦❤♦❧③ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❉✐���✐❜✉✐ !♦ ❞❛

❛��✐❝❛�♥❛ ♥❡✉��❛ ❡♠ ✉♠❛ ❜✐❝❛♠❛❞❛ ❢♦�❢♦❧✐♣�❞✐❝❛✿ ✉♠ ❡��✉❞♦ ❞❡ ❞✐♥�♠✐❝❛

♠♦❧❡❝✉❧❛�✳✑ ❱■■ ❙❡♠❛♥❛ ❞❛ ◗✉�♠✐❝❛✱ ✷✵✵✽✱ ■♥��✐�✉�♦ ❞❡ ◗✉�♠✐❝❛ ❞❛

❯◆■❈❆▼� ✭❞✐✈✉❧❣❛ !♦✿ ♣♦��❡�✮✳



Curriculum Vitae xi

✹✳ ❉❡♥✐�❡ ❈✳ ▼❡❧♦✱ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ❊❞✈❛❧❞♦ ❙❛❜❛❞✐♥✐ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱

✏❆♥�❧✐�❡ ❞❡ ♣�♦♣�✐❡❞❛❞❡� ❞✐♥ ♠✐❝❛� ❡ ❡���✉�✉�❛✐� ❞♦ "①✐❞♦ ❞❡ ♣♦❧✐❡�✐❧❡♥♦

❞❡ ❞✐❢❡�❡♥�❡� ❝♦♠♣�✐♠❡♥�♦� ❡♠ �♦❧✉$%♦ ❛&✉♦�❛✳✑ ❊�❝♦❧❛ ❞❡ ▼♦❞❡❧❛❣❡♠

▼♦❧❡❝✉❧❛� ❡♠ ❙✐��❡♠❛� ❇✐♦❧"❣✐❝♦�✱ ✷✵✵✽✱ �❡��"♣♦❧✐� ✲ ▼● ✭❞✐✈✉❧❣❛$%♦✿

♣♦��❡� ❡ ❝❛❞❡�♥♦ ❞❡ �❡�✉♠♦�✮✳

✺✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❉✐♥�♠✐❝❛ ♠♦❧❡❝✉❧❛� ❞❡ ❜✐♦♠♦❧3❝✉❧❛�

❡♠ �♦❧✉❝❝✐♦♥❡� ❛❝✉♦�❛�✳✑ ❳❱ ❏♦�♥❛❞❛ ❞❡ ❏"✈❡♥❡� ■♥✈❡��✐❣❛❞♦�❡�✱ ✷✵✵✼✱

❯♥✐✈❡��✐❞❛❞ ◆❛❝✐♦♥❛❧ ❞❡ ❆�✉♥❝✐"♥✱ ❆�✉♥❝✐"♥ ✲ ▼♦♥�❡✈✐❞❡♦ ✭❞✐✈✉❧❣❛$%♦✿

❡①♣♦�✐$%♦ ♦�❛❧ ✴ ✢❛�❤ �❛❧❦ ❡ ♣♦��❡�✮✳

✻✳ ➱�✐❝❛ ❚✳ ��❛�❡�✱ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❙✐♠✉❧❛�✐♦♥� ��✉❞✐❡� ♦♥ �❛❝❝❤❛�✐❞❡�✱

❛♠✐♥♦ ❛❝✐❞� ❛♥❞ ♣❡♣�✐❞❡� ❛&✉❡♦✉� �♦❧✉�✐♦♥�✿ ���✉❝�✉�❛❧ ❛♥❞ ❞②♥❛♠✐❝❛❧

♣�♦♣❡��✐❡�✳✑ ❳■❱ ❙✐♠♣"�✐♦ ❇�❛�✐❧❡✐�♦ ❞❡ ◗✉@♠✐❝❛ ❚❡"�✐❝❛✱ ✷✵✵✼✱ �♦$♦�

❞❡ ❈❛❧❞❛� ✲ ▼● ✭❞✐✈✉❧❣❛$%♦✿ ♣♦��❡� ❡ ❝❛❞❡�♥♦ ❞❡ �❡�✉♠♦�✮✳

✼✳ ▼✐❧�♦♥ ❚✳ ❙♦♥♦❞❛ ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❲❛�❡� ❞②♥❛♠✐❝� ✐♥ ❝❛�❜♦❤②❞�❛�❡

�♦❧✉�✐♦♥�✳✑ ❳■❱ ❙✐♠♣"�✐♦ ❇�❛�✐❧❡✐�♦ ❞❡ ◗✉@♠✐❝❛ ❚❡"�✐❝❛✱ ✷✵✵✼✱ �♦$♦�

❞❡ ❈❛❧❞❛� ✲ ▼● ✭❞✐✈✉❧❣❛$%♦ ♣♦��❡� ❡ ❝❛❞❡�♥♦ ❞❡ �❡�✉♠♦�✮✳

✽✳ ➱�✐❝❛ ❚✳ ��❛�❡� ❡ ▼✉♥✐� ❙✳ ❙❦❛❢✱ ✏❆♥�❧✐�❡ ❞❡ ♣�♦♣�✐❡❞❛❞❡� ❞✐♥ ♠✐❝❛ ❡

❝♦♥❢♦�♠❛❝✐♦♥❛❧ ❞❡ ❤♦♠♦♣❡♣�@❞❡♦� ❡♠ �❣✉❛ ❛��❛✈3� ❞❡ �✐♠✉❧❛$%♦ ❝♦♠♣✉✲

�❛❝✐♦♥❛❧✳✑ ❳❱ ❈♦♥❣�❡��♦ ■♥�❡�♥♦ ❞❡ ■♥✐❝✐❛$%♦ ❈✐❡♥�@✜❝❛ ❞❛ ❯◆■❈❆▼�✱

✷✵✵✻✱ ❈❛♠♣✐♥❛� ✲ ❙� ✭❞✐✈✉❧❣❛$%♦✿ ♣♦��❡�✮✳

• Histórico Escolar

❋✐♥❛❧✐③♦✉ ♦ ❝✉��♦ ❞❡ ♠❡���❛❞♦ ❝♦♠ ❝♦❡✜❝✐❡♥�❡ ❞❡ �❡♥❞✐♠❡♥�♦ ✭❈❘✮ ♠�①✐♠♦✱

✵✳✹✵✵✳ ❉✉�❛♥�❡ ❛ ❣�❛❞✉❛$%♦✱ ♣❡�♠❛♥❡❝❡✉ ❡♥��❡ ♦� ✶✵ ❛❧✉♥♦� ❝♦♠ ♠❡❧❤♦�

❈❘ ❞❛ �✉�♠❛ ❡ �❡♠ �❡♣�♦✈❛$G❡�✳ ❊♥❝❡��♦✉ ♦ ❝✉��♦ ❝♦♠ ❈❘ ✵✳✼✾✹ ✭♠�①✐♠♦

✶✳✵✵✵✮✳

• Outros

✶✳ ❈✉��♦� ❈✐❡♥	
✜❝♦�

✭❛✮ ✏❆�♣❡❝�♦� ❢@�✐❝♦✲&✉@♠✐❝♦� ❞❛ ❡���✉�✉�❛ ❞❡ ♠❡♠❜�❛♥❛�✳ ■♥�❡�❛$G❡�

❞❡ ♠❡♠❜�❛♥❛� ❝♦♠ ♣❡♣�@❞❡♦�✳✑



xii Curriculum Vitae
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❛❥✉��❡ ❢♦�❛♠ ♦❜�✐❞♦� ♥❡��❡ ��❛❜❛❧❤♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✹ ❙♦❜�❡♣♦�✐
�♦ ❞❛� ❡���✉�✉�❛� ❞❛ ❆❚❈ ❣❡�❛❞❛� ❞✉�❛♥�❡ �✉❛ ♦�✐♠✐✲

③❛
�♦ ❝❧1��✐❝❛ ❡ #✉5♥�✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✸✳✺ ❙♦❜�❡♣♦�✐
�♦ ❞❡ ❡���✉�✉�❛� ❞❡ ❆❚❈ ❣❡�❛❞❛� ♥❛� �✐♠✉❧❛
(❡� ❞♦�

�✐��❡♠❛� ❘❆❚❈✱ ❙❆❚❈ ❡ ❍❘❆❚❈ : ❣❡�❛❞❛ ♣❡❧❛ ♦�✐♠✐③❛
�♦ ❣❡♦✲

♠���✐❝❛ #✉5♥�✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✻ ❋✉♥
�♦ ❞❡ ❞✐���✐❜✉✐
�♦ ❞❡ ♣❛�❡� ❡♥��❡ �%�✐♦� ❡�♣❡❝%✜❝♦� ❞❛ ❆❚❈ ❡

❞❛ 1❣✉❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✶ ❈❛✐①❛ ❞❡ �✐♠✉❧❛
�♦ ❞❡ ❜✐❝❛♠❛❞❛ ❞❡ �❖�❈✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✷ ❚�❛❥❡���✐❛ ❞❛ ❛��✐❝❛%♥❛ ♥♦ ❡✐①♦ ♣❡�♣❡♥❞✐❝✉❧❛� : �✉♣❡�❢%❝✐❡ ❞❛ ❜✐✲

❝❛♠❛❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
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Caṕıtulo 1

Introdução

❆ ❞♦� � ✉♠ ❞♦� ♣�♦❜❧❡♠❛� ♠❛✐� ❡①�❡♥�✐✈❛♠❡♥�❡ ❡��✉❞❛❞♦�✱ ❞❡�❛✜❛♥❞♦ ❝✐❡♥�✐��❛�

♥❛ ❜✉�❝❛ ❞❡ ♠❡✐♦� ❝❛❞❛ ✈❡③ ♠❛✐� ❡✜❝❛③❡� ❞❡ ❡✈✐��✲❧❛ ❡ �❛♥�✲❧❛✳ ◆❡��❡ ❝♦♥�❡①�♦✱

�✉�❣❡♠ ♦� ❛♥❡����✐❝♦� ❧♦❝❛✐� ✭❆▲✮✱ �✉❜���♥❝✐❛�  ✉❡ ❛❣❡♠ ♥♦ ❛❧!✈✐♦ ❡ ♣�❡✈❡♥"#♦ ❞❛

❞♦� ♣❡❧❛ ✐♥�❡��✉♣"#♦ �❡✈❡��!✈❡❧ ❞❛ ❝♦♥❞✉"#♦ ♥❡�✈♦�❛✳ ❆♦ ❝♦♥����✐♦ ❞♦� ❛♥❡���✐❝♦�

❣❡�❛✐�✱ ♦� ❆▲ ❛❣❡♠ ❧♦❝❛❧♠❡♥�❡ ❡ ♥#♦ ❧❡✈❛♠ $ ❛♠♥��✐❛ ♦✉ ♣❡�❞❛ ❞❡ ❝♦♥�❝✐%♥❝✐❛✳

❊��❡� ❢��♠❛❝♦� ❛�✉❛♠ ❡♠  ✉❛❧ ✉❡� ♣❛��❡ ❞♦ �✐��❡♠❛ ♥❡�✈♦�♦✱ ❡ ❡♠ �♦❞♦� ♦� �✐♣♦�

❞❡ ✜❜�❛� ♥❡�✈♦�❛�✳ (♦❞❡♠ �❡� ❛❞♠✐♥✐���❛❞♦� ♣♦� ✈��✐❛� ✈✐❛�✱ ✐♥❝❧✉✐♥❞♦ �)♣✐❝❛ ❡

✐♥✜❧��❛�✐✈❛ ❬✶❪✳

❆ ❤✐��)�✐❛ ❞❛ ❛♥❡��❡�✐❛ ❣❡�❛❧ ✐♥✐❝✐❛✲�❡ ❤� ♠❛✐� ❞❡ ✉♠ ��❝✉❧♦✱ �❡♥❞♦ ❝♦♠♦ ♣✐♦✲

♥❡✐�❛ ♥❛ ❝❧!♥✐❝❛ ❛ ❜❡♥③♦✐❧♠❡�✐❧❡❝❣♦♥✐♥❛✱ ♦✉ ❝♦❝❛!♥❛✱ ❡①��❛!❞❛ ❞❛� ❢♦❧❤❛� ❞❡ ❊�②�❤✲

�♦①②❧♦♥ ❝♦❝❛ ❬✷❪✳ ▼❛�✱ ❡♠❜♦�❛ �❡♣�❡�❡♥�❡ ✉♠ ❛✈❛♥"♦ ♥♦ ❝❛♠♣♦ ❝✐�0�❣✐❝♦✱ ❡❢❡✐�♦�

❛❞✈❡��♦�✱ ❝♦♠♦ �♦①✐❝✐❞❛❞❡ ❡ ❞❡♣❡♥❞%♥❝✐❛✱ ✈✐❡�❛♠ ❝♦♠ ♦ ✉�♦ ❞❡��❛ �✉❜���♥❝✐❛✳ ❈♦♥✲

�❡ ✉❡♥�❡♠❡♥�❡✱ ❤♦✉✈❡ ❣�❛♥❞❡ ❡�❢♦�"♦ ♣❛�❛ �✐♥�❡�✐③❛� ❝♦♠♣♦��♦� ❝♦♠ ♣�♦♣�✐❡❞❛❞❡�

❛♥❡����✐❝❛�  ✉❡ ♥#♦ ❝❛✉�❛��❡♠ ♦� ❡❢❡✐�♦� ❞❛♥♦�♦� ❞❛ ❝♦❝❛!♥❛ ❬✸❪✳ (♦� ✈♦❧�❛ ❞❡ ✶✽✾✵✱

�✐♥�❡�✐③♦✉✲�❡ ❛ ❜❡♥③♦❝❛!♥❛ ❡ ❛ ♣�♦❝❛!♥❛✱ ���❡�❡� ❞❡�✐✈❛❞♦� ❞♦ �❝✐❞♦ ❜❡♥③)✐❝♦✱ ❛��✐♠

❝♦♠♦ ❛ ❝♦❝❛!♥❛✳ ❆ ♣�♦❝❛!♥❛ ❢♦✐ ♦ ♣�✐♠❡✐�♦ ❛♥❡����✐❝♦ ❧♦❝❛❧ ✭❆▲✮ �✐♥�❡�✐③❛❞♦ ❝♦♠

♣♦�❡♥❝✐❛❧ ✉�♦ ✐♥✜❧✐��❛�✐✈♦✳ ❖✉��♦� ❞❡�✐✈❛❞♦� ❞♦ �❝✐❞♦ ♣❛�❛✲❛♠✐♥♦❜❡♥③)✐❝♦ ♠❛✐� ♣♦✲

�❡♥�❡� ✭�❡��❛❝❛!♥❛✮ ❡ ♠❡♥♦� �)①✐❝♦� ✭❝❧♦�♣�♦❝❛!♥❛✮  ✉❡ ❛ ♠❡�♠❛ ❢♦�❛♠ �✐♥�❡�✐③❛❞♦�

❞❡♣♦✐� ✭❚❛❜❡❧❛ ✶✳✶✮ ❬✹❪✳

❉❡✈✐❞♦ $ �♦①✐❝✐❞❛❞❡ ❞❡ ♠❡�❛❜)❧✐�♦� ❞♦ �❝✐❞♦ ♣❛�❛✲❛♠✐♥♦❜❡♥③)✐❝♦ ❬✺❪ ❡ ❛ ��♣✐❞❛

♠❡�❛❜♦❧✐③❛"#♦ ❞❛ ❧✐❣❛"#♦ ���❡� ♣♦� ❡��❡�❛�❡� ♣❧❛�♠��✐❝❛�  ✉❡ �❡�✐��✐♥❣✐❛♠ ♦ ✉�♦

1
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4 Caṕıtulo 1. Introdução

♣♦��✉❡ ♦� ❆▲ ❝❛✉�❛♠ ✉♠❛ ♠♦❞✐✜❝❛��♦ ❝♦♥❢♦�♠❛❝✐♦♥❛❧ ♥❛ ♣�♦�❡�♥❛ ❝❛♥❛❧ ❞❡ ��❞✐♦

✈♦❧�❛❣❡♠✲❞❡♣❡♥❞❡♥�❡✱ ❧❡✈❛♥❞♦ � �✉❛ ✐♥❛�✐✈❛��♦ �❡♠♣♦���✐❛ ❡✱ ♣♦��❛♥�♦✱ ✐♥�❡��✉♣✲

��♦ ❞❛ ��❛♥�♠✐���♦ ❞♦ ❡���♠✉❧♦ ♥❡�✈♦�♦ �✉❡ ❝❛✉�❛ ❛ �❡♥�❛��♦ ❞❡ ❞♦�✳ ❍� ♠✉✐�♦

�❡♠♣♦✱ ❣�❛♥❞❡ ❡�❢♦��♦ �❡♠ �✐❞♦ ❡♠♣�❡❣❛❞♦ ♥❛ ❜✉�❝❛ ❞❡ ❡�❝❧❛❝❡� ♦� ♠❡❝❛♥✐�♠♦�

♠♦❧❡❝✉❧❛�❡� ❡♥✈♦❧✈✐❞♦� ❝♦♠ ♦ ❡❢❡✐�♦ ❢❛�♠❛❝♦❧�❣✐❝♦ ❞♦� ❆▲ ❬✽✕✶✶❪✳

❉❡�❞❡ ♦� ��❛❜❛❧❤♦� ♣✐♦♥❡✐�♦� ❞❡ ❍♦❞❣❦✐♥ ❡ ❍✉①❧❡② ❬✼❪✱ ❡♠ ✶✾✺✸✱ ❤� ♠✉✐�❛� ❡✈✐✲

❞/♥❝✐❛� ❡①♣❡�✐♠❡♥�❛✐� ❬✽✱ ✶✶✕✶✾❪ ❞❛ ✐♥�❡�❛��♦ ❞✐�❡�❛ ❞♦� ❆▲ ❝♦♠ ♦ ❝❛♥❛❧ ❞❡ ��❞✐♦✳

❏� ♥♦� ❛♥♦� ✼✵✱ ◆❛�❛❤❛�❤✐ ❡ ❝♦❧❛❜♦�❛❞♦�❡� ♠♦���❛�❛♠ �✉❡ ❛♥�❧♦❣♦� �✉❛�❡�♥��✐♦� ❞❡

❆▲ ✭�❡♠♣�❡ ❝❛��❡❣❛❞♦�✮ ❝❛✉�❛✈❛♠ ❜❧♦�✉❡✐♦ ❞❡ ❝❛♥❛✐� ❞❡ ��❞✐♦ ❛♣❡♥❛� �✉❛♥❞♦ ✐♥✜❧✲

��❛❞♦� ♣❡❧❛ ❢❛❝❡ ❝✐�♦♣❧❛�♠��✐❝❛ ❞❡ ♠❡♠❜�❛♥❛� ❞❡ ❛①5♥✐♦� ❣✐❣❛♥�❡� ❞❡ ❧✉❧❛ ❬✷✵✱ ✷✶❪✱

✐♥❞✐❝❛♥❞♦ �✉❡ ❤� ✉♠ ���✐♦ ❞❡ ❧✐❣❛��♦ �❡❧❡�✐✈♦ ♣❛�❛ ❛ ❢♦�♠❛ ♣�♦�♦♥❛❞❛ ❞♦� ❆▲ ♥❛

�❡❣✐�♦✳ ❈♦♠ ❜❛�❡ ♥❡��❡ ��❛❜❛❧❤♦✱ ♣♦� ♠✉✐�♦ �❡♠♣♦✱ ❛❝�❡❞✐�♦✉✲�❡ �❡� ❛ ❢♦�♠❛ ♣�♦✲

�♦♥❛❞❛ ❞♦� ❆▲ ❛ �❡�♣♦♥��✈❡❧ ♣❡❧❛ ✐♥❛�✐✈❛��♦ ❞♦ ❝❛♥❛❧✱ �❡��❛♥❞♦ � ❢♦�♠❛ ♥❡✉��❛ ❛

❢✉♥��♦ ❞❡ ♣❡�♠❡❛� ❛ ♠❡♠❜�❛♥❛ ♣❛�❛ �✉❡ ♦ ❛♥❡��8�✐❝♦ ❛�✐♥❣✐��❡ ♦ ❧❛❞♦ ❝✐�♦♣❧❛�♠�✲

�✐❝♦ ❞❛ ❝8❧✉❧❛ ♥❡�✈♦�❛✳ ❆♣❡♥❛� ♥❛ ❞8❝❛❞❛ ❞❡ ✾✵✱ ❘❛❣�❞❛❧❡ ❡ ❝♦❧❛❜♦�❛❞♦�❡� ❬✶✶✱ ✶✸❪

✈❡�✐✜❝❛�❛♠✱ ❛��❛✈8� ❞❡ �8❝♥✐❝❛� ❞❡ ♠✉�❛��♦ ���✐♦✲❞✐�✐❣✐❞❛✱ ❛ ❡①✐��/♥❝✐❛ ❞❡ ✉♠ ��✲

�✐♦ ❞❡ ❧✐❣❛��♦ �❡❧❡�✐✈♦ ♣❛�❛ ♦ ❝♦♠♣♦��♦ ♥❡✉��♦✱ ❧♦❝❛❧✐③❛❞♦ ♥❛ ♣♦���♦ ❞♦ ❝❛♥❛❧ ❞❡

��❞✐♦ ✐♠❡��❛ ♥❛ ♠❡♠❜�❛♥❛✳ ❑✉�♦❞❛ ❡ ❝♦❧❛❜♦�❛❞♦�❡� ❬✶✼❪ ❡��✉❞❛�❛♠ ❛ ❧♦❝❛❧✐③❛��♦

❞❛ ❞✐❜✉❝❛�♥❛ ❡♠ ♠❡♠❜�❛♥❛� ♠♦❞❡❧♦ ❡ ♦❜�❡�✈❛�❛♠ �✉❡ ❛ ❞✐❜✉❝❛�♥❛ ♣♦�✐❝✐♦♥❛✲�❡✱

♥❛ ♠❡♠❜�❛♥❛✱ ❞❡ ✉♠ ♠♦❞♦ �✉❡ ❛ ♣♦��✐❜✐❧✐�❛ ✐♥�❡�❛❣✐� ❝♦♠ ✉♠ ❝❧✉��❡� ❞❡ �❡��❞✉♦�

❤✐❞�♦❢�❜✐❝♦� ♥♦ ❝❛♥❛❧✳ ❯�✐❧✐③❛♥❞♦ ✉♠ ♣❡♣��❞❡♦ ♠♦❞❡❧♦ �✉❡ ❝♦♥�✐♥❤❛ ❡��❡� �❡��❞✉♦�✱

♦ ❣�✉♣♦ ❝♦♥✜�♠♦✉ ❛ ✐♥�❡�❛��♦ ❛��❛✈8� ❞❡ ❡�♣❡❝��♦� ❞❡ 1❍✲❘▼◆✳ ❍♦❥❡✱ ❞✐�❝✉�❡✲�❡

❛ ♣♦��✐❜✐❧✐❞❛❞❡ ❞❛ ❡①✐��/♥❝✐❛ ❞❡✱ ♣❡❧♦ ♠❡♥♦�✱ ♦✉��❛� ��/� �❡❣✐?❡� ♥♦ ❝❛♥❛❧ ❛ �✉❡ ♦�

❆▲ �❡ ❧✐❣❛♠ ❬✶✺✱ ✶✽✱ ✶✾❪✳

❆�✉❛❧♠❡♥�❡✱ ❛ ❢♦�♠❛ ♠❛✐� ❛❝❡✐�❛ ❞❡ ✐♥�❡�♣�❡�❛� ❛ ✐♥�❡�❛��♦ ❞♦� ❆▲ ❝♦♠ ♦ ❝❛♥❛❧

❞❡ ��❞✐♦ ✈♦❧�❛❣❡♠✲❞❡♣❡♥❞❡♥�❡ ❢♦✐ ♣�♦♣♦��❛ ♣♦� ❍✐❧❧❡✱ ❡♠ ✶✾✼✼✳ ❙❡❣✉♥❞♦ ❡��❛ ♣�♦✲

♣♦��❛✱ ❛� ❞✐❢❡�❡♥�❡� ❛✜♥✐❞❛❞❡� ❞❡��❡� ❢��♠❛❝♦� ♣❡❧♦✭�✮ ���✐♦✭�✮ �❡�✐❛♠ ♠♦❞✉❧❛❞❛�

♣❡❧♦ ❡��❛❞♦ ❝♦♥❢♦�♠❛❝✐♦♥❛❧ ❞♦ ❝❛♥❛❧✱ �❡♥❞♦ ♠❛✐♦� ❛ ❛✜♥✐❞❛❞❡ ♣❡❧♦ ❡��❛❞♦ ✐♥❛�✐✈♦

♦✉ ❡♠ �❡♣♦✉�♦ �✉❡ ♣❡❧♦ ❡��❛❞♦ ❛❜❡��♦ ❬✷✷❪✳ ❆❧�❡�♥❛�✐✈❛♠❡♥�❡✱ ❙�❛�♠❡� ♣�♦♣5�✱

❡♠ ✶✾✽✼✱ �✉❡ ♦� �❡❛��❛♥❥♦� ❝♦♥❢♦�♠❛❝✐♦♥❛✐� ❞♦ ❝❛♥❛❧ ❞❡ ��❞✐♦ �✉❡ ❛❝♦♠♣❛♥❤❛♠

❛ ❞❡�♣♦❧❛�✐③❛��♦ ♣❡�♠✐�❡♠ ♦ ❛❝❡��♦ ❞♦ ❆▲ ❛♦ ���✐♦ �❡❝❡♣�♦�✱ ❝✉❥❛ ❛✜♥✐❞❛❞❡ �❡�✐❛

�❡♠♣�❡ ❝♦♥��❛♥�❡✳ ❆��✐♠✱ ♦� ❆▲ ❛❣✐�✐❛♠ ❝♦♠♦ ❡❢❡�♦�❡� ❛❧♦��8�✐❝♦� �✉❡✱ ❛♦ ✐♥�❡�❛✲

❣✐� ❡♠ �❡✉✭�✮ ���✐♦✭�✮ ❡�♣❡❝�✜❝♦✭�✮ ❡��❛❜✐❧✐③❛�✐❛♠ ♦ ❝❛♥❛❧ ♥♦ ❡��❛❞♦ ✐♥❛�✐✈❛❞♦ ❬✷✸❪✳
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❊��❛ ♣�♦♣♦��❛ ❡♥❝♦♥��♦✉ ♠❛✐♦� �✉♣♦��❡ �❡❝❡♥�❡♠❡♥�❡ ❝♦♠ ♦ ��❛❜❛❧❤♦ ❞❡ ❋�❛❝❡�♦ ❡

❝♦❧❛❜♦�❛❞♦�❡� ❬✶✾❪✳

❍� ❡��✉❞♦� ♥❛ ❧✐�❡�❛�✉�❛ �✉❡ ❛��✐❜✉❡♠ ❛� ♠♦❞✐✜❝❛��❡� ❝♦♥❢♦�♠❛❝✐♦♥❛✐� ❞♦ ❝❛✲

♥❛❧ ❞❡ � ❞✐♦ ✈♦❧�❛❣❡♠✲❞❡♣❡♥❞❡♥�❡ # ❧✐❣❛�$♦ ❞✐�❡�❛ ❞♦ ❆▲ ❛ �'�✐♦� �❡❧❡�✐✈♦� ❬✶✷❪✳

▼❛� ❧❡✈❛♥�❛✲�❡✱ �❛♠❜+♠✱ ❛ ❤✐♣ �❡�❡ ❞❡ �✉❡ ✐♥�❡�❛��❡� ❡♥��❡ ♦� ❆▲ ❡ ♦� ❧✐♣'❞✐♦� ❞❛

♠❡♠❜�❛♥❛ ❝❡❧✉❧❛� ❝❛✉�❡♠ ❛❧�❡�❛��❡� ❡♠ ♣�♦♣�✐❡❞❛❞❡� ❡���✉�✉�❛✐� ❡ ❞✐♥,♠✐❝❛� ❞❛

♠❛��✐③ ❧✐♣'❞✐❝❛✱ �✉❡ ❧❡✈❛�✐❛♠ ❛ ♠✉❞❛♥�❛� ❝♦♥❢♦�♠❛❝✐♦♥❛✐� ♥♦ ❝❛♥❛❧ ❞❡ � ❞✐♦✱ ❡①✲

♣❧✐❝❛♥❞♦ �✉❛ ✐♥❛�✐✈❛�$♦ ❬✹✱ ✷✹❪✳ ❉❡ ❢❛�♦✱ ❢♦✐ ❡♥❝♦♥��❛❞❛ ✉♠❛ ❢♦��❡ ❝♦��❡❧❛�$♦ ❡♥��❡

❛ ♣♦�1♥❝✐❛ ❞❡ ❛♥❡��+�✐❝♦� ❡ ❛ �✉❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣❡♥❡��❛� ♥❛ ❝❛♠❛❞❛ ❧✐♣'❞✐❝❛ ❬✹❪✳

◆❛ �❡�$♦ ✶✳✷ ❛ ✐♥�❡�❛�$♦ ❞❡ ❆▲ ❝♦♠ ❜✐♦♠❡♠❜�❛♥❛� �❡�� ✉♠ ♣♦✉❝♦ ♠❛✐� ❞✐�❝✉�✐❞❛✳

❋✐❣✉�❛ ✶✳✷✳ ❊��✉❡♠❛ ✐❧✉�
�❛
✐✈♦ ❞❛ ❞✐❢✉��♦ ❞♦� ❆▲ ♣❡❧❛ ♠❡♠❜�❛♥❛ ❢♦�❢♦❧✐♣�❞✐❝❛ ❡ ❛�

♣♦���✈❡✐� ✈✐❛� ❞❡ ❛❝❡��♦ ❛ ��
✐♦� ❞❡ ❧✐❣❛��♦ ♥❛ ♣�♦
❡�♥❛ ❞♦ ❝❛♥❛❧ ❞❡ ��❞✐♦ ✈♦❧
❛❣❡♠✲❞❡♣❡♥❞❡♥
❡

✭✜❣✉�❛ ❛❞❛♣
❛❞❛ ❞❛ �❡❢❡��♥❝✐❛ ❬✹❪✮✳

❯♠❛ ♣�♦♣♦��❛ �✉❡ �❡♠ �❡❝❡❜✐❞♦ ❛�❡♥�$♦ ♥♦� 4�❧✐♠♦� ❛♥♦�✱ + ❛ ❞❡ �✉❡ ❛ ❧✐❣❛�$♦

❞✐�❡�❛ ❞♦� ❆▲ �❡�✐❛ ♥❡❝❡����✐❛ ♣❛�❛ �✉❡ ♦❝♦��❛♠ ❛� ❛❧�❡�❛��❡� ❝♦♥❢♦�♠❛❝✐♦♥❛✐� ❞♦

❝❛♥❛❧ ❡ �✉❡✱ ♣♦� ♦✉��♦ ❧❛❞♦✱ ❛ ♣❛��✐�$♦✴❞✐���✐❜✉✐�$♦ ✐♥❡�♣❡❝'✜❝❛ ❞❡ ❣�❛♥❞❡ �✉❛♥�✐✲

❞❛❞❡ ❞♦ ❆▲ ♥❛ ❜✐❝❛♠❛❞❛ ❧✐♣'❞✐❝❛ + ✐♠♣♦��❛♥�❡ ♣❛�❛ ❢❛❝✐❧✐�❛� ♦ ❛❝❡��♦ ❞❛ ♠♦❧+❝✉❧❛

❛♦✭�✮ �'�✐♦✭�✮ ❞❡ ❧✐❣❛�$♦ ♥❛ ♣�♦�❡'♥❛ ❬✶✶✱ ✶✸✱ ✶✾✱ ✷✺✱ ✷✻❪✳ ❚❛❧ ❝♦♠♦ ❢♦✐ ♣❡♥�❛❞♦ ♣♦�

❑✉�♦❞❛ ❡ ❝♦❧❛❜♦�❛❞♦�❡� ❡♠ ✶✾✾✻✱ ❛ ❧♦❝❛❧✐③❛�$♦ ❡ ♦�✐❡♥�❛�$♦ ♣�❡❢❡�❡♥❝✐❛✐� ❞❡ ❝❛❞❛

❆▲ ♥❛ ❜✐❝❛♠❛❞❛✱ ❞❡�❡�♠✐♥❛❞❛ ♣♦� �✉❛� ❝❛�❛❝�❡�'��✐❝❛� ❢'�✐❝♦✲�✉'♠✐❝❛� ♣❛��✐❝✉❧❛�❡�✱

✐♥✢✉❡♥❝✐❛♠ ❞✐�❡�❛♠❡♥�❡ ♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❆▲ ❡♠ ❧✐❣❛�✲�❡ ❛♦ ❝❛♥❛❧ ❞❡ � ❞✐♦ ❡✱ ❛�✲

�✐♠✱ ❛ ♠❡♠❜�❛♥❛ ❧✐♣'❞✐❝❛ �❡�✐❛ ♦ ♣❛♣❡❧ ❡��❡♥❝✐❛❧ ❞❡ ♠♦❞✉❧❛� ❛ ❡�❛♣❛ ❞❡ ❛��♦❝✐❛�$♦

❞♦ ❆▲ ❛♦ ❝❛♥❛❧ ❬✹✱ ✶✼✱ ✷✺❪✳
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❉❡��❡ ♠♦❞♦✱ ♦ ❡��✉❞♦ ❞❛ ✐♥�❡
❛��♦ ❞❡ ❆▲ ❝♦♠ ❜✐♦♠❡♠❜
❛♥❛� �❡♠ ♣♦
 ✜♥❛❧✐❞❛❞❡

❡♥�❡♥❞❡
 ♦ ♠❡❝❛♥✐�♠♦ ♠♦❧❡❝✉❧❛
 ❞❛ ❛♥❡��❡�✐❛✱ ♠❡❧❤♦
❛
 ❛ ❡✜❝�❝✐❛ ❞❡��❡� ❢�
♠❛❝♦�

❡ ♠✐♥✐♠✐③❛
 �❡✉� ❡❢❡✐�♦� ❝♦❧❛�❡
❛✐� ❛�
❛✈�� ❞♦ ❞❡�❡♥❤♦ 
❛❝✐♦♥❛❧ ❞❡ ♥♦✈♦� ❢�
♠❛❝♦�

❝♦♠ ❛�✐✈✐❞❛❞❡ ❛♥❡����✐❝❛ ♦✉ ❛�
❛✈�� ❞❛ ✈❡✐❝✉❧❛��♦ ✭❞�✉❣✲❞❡❧✐✈❡�②✮ ❞❡ ❆▲ ❞❡ ✉�♦

❝♦♥�❛❣
❛❞♦ ✉�✐❧✐③❛♥❞♦✱ ♣♦
 ❡①❡♠♣❧♦✱ ❧✐♣♦��♦♠❛� ❬✷✼✱ ✷✽❪✳
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�
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❛� 
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 ❛�

❝�❧✉❧❛�✳ ❚
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�✐❞❛❞❡

❞❡ ❧✐♣+❞✐♦�✱ ♣
♦�❡+♥❛�✱ ❣❧✐❝♦♣
♦�❡+♥❛� ❡ ❣❧✐❝♦❧✐♣+❞✐♦� )✉❡ ❡���♦ ♣
❡�❡♥�❡� ❡♠ ❞✐❢❡
❡♥�❡�

♣
♦♣♦
�2❡� ❡♠ ❝❛❞❛ �✐♣♦ ❝❡❧✉❧❛
 ❡ ❞❡ ♦
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✉�✉
❛❧ ❞❛�

❜✐♦♠❡♠❜
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❬✸✵❪✳

❆� ❜✐♦♠❡♠❜
❛♥❛� �7♠ ♣
♦♣
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❜❡♠ ❡①�
❡♠❛ ✢❡①✐❜✐❧✐❞❛❞❡ ❡ ✉♠ ❝♦♠♣♦
�❛♠❡♥�♦ ❧+)✉✐❞♦ ❜✐❞✐♠❡♥�✐♦♥❛❧ )✉❡ ♣❡
♠✐�❡✱

♣♦
 ❡①❡♠♣❧♦✱ ❛ ✐♠❡
��♦ ❞❡ ♣
♦�❡+♥❛� ❝♦♠♦ ♦� ❝❛♥❛✐� ✐:♥✐❝♦� ♥❛ �✉❛ ❡��
✉�✉
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♦ ❧❛❞♦✱ ��♦ ♥♦�❛✈❡❧♠❡♥�❡ ❡���✈❡✐� ❡ ❡✜❝✐❡♥�❡� ❝♦♠♦ ❜❛

❡✐
❛� ✐♥✲

�❡
❢❛❝✐❛✐�✳ ❆ ❡��❛❜✐❧✐❞❛❞❡ ❞❛� ❜✐❝❛♠❛❞❛� � ❛�
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✐♦ ❡♥�
❡ ♦� ❡❢❡✐�♦�

❤✐❞
♦❢(❜✐❝♦�✱ ❝♦♥�❡)✉7♥❝✐❛ ❞❛� ❝❛✉❞❛� ❞♦� ❧✐♣+❞✐♦� ❡✈✐�❛
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❛
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❡� )✉❡ ❧❡✈❛
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♠❡❧❤♦
 ❞❡�❝
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❋✐❣✉�❛ ✶✳✸✳ ❘❡♣�❡�❡♥�❛	
♦ ❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❡ ♠❡♠❜�❛♥❛� ❜✐♦❧�❣✐❝❛�✳ ■♠❡��❛� ❡♠

✉♠❛ ♠❛��✐③ ❢♦�❢♦❧✐♣�❞✐❝❛ �
♦ ❡♥❝♦♥��❛❞❛� ♣�♦�❡�♥❛� ��❛♥�♠❡♠❜�❛♥❛�❡� ❡ ❡��❡��✐�✳ ▼❛✐� �✉♣❡�✐✜❝✐✲

❛❧♠❡♥�❡✱ ✈❡�✐✜❝❛✲�❡ ❛ ♣�❡�❡♥	❛ ❞❡ ♣�♦�❡�♥❛ ♣❡�✐❢ �✐❝❛� ❡ ♣♦�	!❡� ❞❡ ❝❛�❜♦✐❞�❛�♦� ❧✐❣❛❞♦� ❝♦✈❛❧❡♥✲

�❡♠❡♥�❡ ❛ ❛❧❣✉♠❛� ♣♦��❡�♥❛� ❡ ❧✐♣�❞✐♦� ✭❋♦♥�❡✿ ❤��♣✿✴✴✇✇✇✳❜✐♦✳♠✐❛♠✐✳❡❞✉✴✱ ✷✵✵✾✮✳

❞✐♥�♠✐❝❛�✱ 
✉❡ ♥❛ ❡�❝❛❧❛ ♠✐❝�♦�❝�♣✐❝❛ �❡❢❡�❡♠✲�❡ �� ✈✐❜�❛��❡� ❡ �♦�❛��❡� ❞❡ ❣�✉♣♦�

♠♦❧❡❝✉❧❛�❡� ❡ � ❞✐❢✉��♦ ❞❛� ♠♦❧�❝✉❧❛�✱ ❡♥
✉❛♥�♦ ♥❛ ❡�❝❛❧❛ �✉♣�❛♠♦❧❡❝✉❧❛� ❝♦♠♣�❡✲

❡♥❞❡♠ ✢✉�✉❛��❡� ❞❛ ❜✐❝❛♠❛❞❛ ❢♦�❛ ❞♦ ♣❧❛♥♦✱ 
✉❡ ❞❡❢♦�♠❛♠ ❛� ❝�❧✉❧❛� ❡ ♦�❣❛♥❡❧❛�

✭❋✐❣✉�❛ ✶✳✹✮✳ ❊��❛ ✢❡①✐❜✐❧✐❞❛❞❡ � �❡�♣♦♥�&✈❡❧✱ ♣♦� ❡①❡♠♣❧♦✱ ♣❡❧❛ ❤❛❜✐❧✐❞❛❞❡ ❞❛� ❝�✲

❧✉❧❛� �❛♥❣✉(♥❡❛� ❞❡ ♠✉❞❛�❡♠ �✉❛ ❢♦�♠❛ 
✉❛♥❞♦ ❧✐❣❛❞❛� ❛ ♦①✐❣)♥✐♦ ❡ � ❢✉♥❞❛♠❡♥�❛❧

♣❛�❛ ❞✐✈✐��♦ ❝❡❧✉❧❛� ❡ ❢✉��♦✳

❉❡✈✐❞♦ � ❛❧�❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❡��❡� �✐��❡♠❛�✱ ❡��✉❞♦� ✉�✐❧✐③❛♥❞♦ �✐��❡♠❛� ♠♦❞❡❧♦

�)♠ ❣�❛♥❞❡ ✉�✐❧✐❞❛❞❡✱ �❛♥�♦ ❞♦ ♣♦♥�♦ ❞❡ ✈✐��❛ ❡①♣❡�✐♠❡♥�❛❧ 
✉❛♥�♦ �❡��✐❝♦✱ ♣❛�❛

♦❜�❡� ✐♥❢♦�♠❛��❡� ❞❛ ❢✉♥��♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦� ❝♦♠♣♦♥❡♥�❡� ✐♥❞✐✈✐❞✉❛✐�✳ ,♦❞❡♠ �❡�

❡��✉❞❛❞♦� �✐��❡♠❛� ♠♦❞❡❧♦ ❞❡ ✐♥�❡�❡��❡✱ ❝♦♠♦ ❧✐♣(❞✐♦� ♣✉�♦�✱ ♠✐��✉�❛� ❞❡ ❧✐♣(❞✐♦�✱

♠✐��✉�❛� �❡❝♦♥��✐�✉(❞❛� ❞❡ ❧✐♣(❞✐♦✲♣�♦�❡(♥❛✱ ❧✐♣(❞✐♦✲❢&�♠❛❝♦✳

,❛�❛ �❡ ❡♥�❡♥❞❡� ♦ ❝♦♠♣♦��❛♠❡♥�♦ ❞❡ ♠❡♠❜�❛♥❛� ♠♦❞❡❧♦✱ ❞✐✈❡��❛� ��❝♥✐❝❛�

❡①♣❡�✐♠❡♥�❛✐� �)♠ �✐❞♦ ✉�✐❧✐③❛❞❛�✿ ❞✐❢�❛��♦ ❞❡ �❛✐♦� ❳ ❬✸✸❪✱ ❞✐❢�❛��♦ ❞❡ ♥)✉��♦♥�

❬✸✹❪✱ �❡��♦♥�♥❝✐❛� ♠❛❣♥��✐❝❛ ♥✉❝❧❡❛� ✭❘▼◆✮ ❬✸✺❪ ❡ ♣❛�❛♠❛❣♥��✐❝❛ ❡❧❡��6♥✐❝❛ ✭❘,❊✮

❬✸✻❪✱ ❡�♣❡❝��♦�❝♦♣✐❛ ❞❡ ✢✉♦�❡�❝)♥❝✐❛ ❬✸✼❪ ❡ ❞❡ ✐♥❢�❛✲✈❡�♠❡❧❤♦ ❬✸✽❪✱ ❝❛❧♦�✐♠❡��✐❛ ❬✸✾❪✱
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❋✐❣✉�❛ ✶✳✹✳ ❋�❡�✉�♥❝✐❛� ❞❡ ♠♦✈✐♠❡♥�♦� ��♣✐❝♦� ❞❡ �✐��❡♠❛� ❜✐♦❧�❣✐❝♦�✳ ❊♠ ♠❡♠✲

❜�❛♥❛� ❢♦�❢♦❧✐♣�❞✐❝❛� ❛ ❡�❝❛❧❛ ❛❜�❛♥❣❡ �✉❛�❡ ✷✵ ♦�❞❡♥� ❞❡ ♠❛❣♥✐�✉❞❡ ❞❡ �❡♠♣♦✳ ✏❋❧✐♣✲✢♦♣✑ ❞❡

❧✐♣�❞✐♦� ❡ ❡♥♦✈❡❧❛♠❡♥�♦ ♣�♦� ✐❝♦ �!♦ ❢❡♥"♠❡♥♦� ❢♦�❛ ❞❛ ❡�❝❛❧❛ �❡♠♣♦�❛❧ ❞❡ �✐♠✉❧❛#$❡� ❛�♦♠���✐✲

❝❛�✳ %❛�❛ ❡��✉❞❛� ❡✈❡♥�♦� ❝♦♠♦ ❡��❡� ❛��❛✈ � ❞❡ ❉✐♥'♠✐❝❛ ▼♦❧❡❝✉❧❛� � ❝♥✐❝❛� ❡�♣❡❝✐❛✐� ❞❡✈❡♠

�❡� ❡♠♣�❡❣❛❞❛�✳ ❋✐❣✉�❛ ❛❞❛♣�❛❞❛ ❞❛ �❡❢❡��♥❝✐❛ ❬✸✷❪

❜❡♠ ❝♦♠♦ ❞✐✈❡	
❛
 ♠✐❝	♦
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 ❞❡

❡
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1.2 Anestésicos Locais em Membranas Biológicas

❖
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❞❡ ❞✐✈❡	
❛
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'♦ ❞❛

❜✐❝❛♠❛❞❛✱ ❛✉♠❡♥�♦ ♥❛ ✢✉✐❞❡③ ❡ ♣❡	♠❡❛❜✐❧✐❞❛❞❡ ❞❛ ♠❡♠❜	❛♥❛ ❡ ❞✐♠✐♥✉✐�'♦ ❞❛

�❡♠♣❡	❛�✉	❛ ❞❡ �	❛♥
✐�'♦ ❞❡ ❢❛
❡
 ❣❡❧ ✕ ❧�&✉✐❞♦✲❝	✐
�❛❧✐♥♦ ❬✹✱ ✹✸✕✹✺❪✳

❍� ❛❧❣✉♠❛
 ❞�❝❛❞❛
 ❡
�❡ �:♣✐❝♦ �❡♠ 
✐❞♦ ❛❜♦	❞❛❞♦ ❛�	❛✈�
 ❞♦ ✉
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 ❡①♣❡	✐♠❡♥�❛✐
 ❬✹✹❪✳ ❊♠ ♣❛	�✐❝✉❧❛	✱ �❡♠✲
❡ ✉�✐❧✐③❛❞♦ ❞❡ ❧✐♣�❞✐♦
 
❡❧❡�✐✈❛✲

♠❡♥�❡ ❞❡✉�❡	❛❞♦
 ❡♠ ❡①♣❡	✐♠❡♥�♦
 ❞❡ 2❍✲❘▼◆ &✉❡ ♣❡	♠✐�❡♠ ✐❞❡♥�✐✜❝❛	 ❛
 	❡❣✐�❡
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❞❛� ♠❡♠❜�❛♥❛� ❧✐♣�❞✐❝❛� ❡♠ �✉❡ ♦� ❆▲ �❡ ✐♥�❡�❡♠ ♣�❡❢❡�❡♥❝✐❛❧♠❡♥�❡✳ ❖ ��❛❜❛❧❤♦

❞❡ ❇♦✉❧❛♥❣❡� ❡ ❝♦❧❛❜♦�❛❞♦�❡� � ❛♠♣❧❛♠❡♥�❡ ❝✐�❛❞♦ ♥❛ ��❡❛✱ ♣♦� �❡� ❞❡♠♦♥���❛❞♦

❛ ❧♦❝❛❧✐③❛��♦ ❞✐❢❡�❡♥❝✐❛❧ ❞❛� ❢♦�♠❛� ♣�♦�♦♥❛❞❛ ✭♠❛✐� �✉♣❡�✜❝✐❛❧✮ ❡ ♥❡✉��❛ ❞❛ �❡��❛✲

❝❛�♥❛ ❡♠ ✈❡��❝✉❧❛� ❞❡ ❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛ ❞❡ ♦✈♦ ❬✹✻❪✳ ❊��✉❞♦� ♣♦��❡�✐♦�❡� ❝♦♠ ✢✉♦�❡�✲

❝+♥❝✐❛✱ ✉�❛♥❞♦ �❡��❛❝❛�♥❛ ❝♦♠♦ �✉♣�❡��♦� ❞❡ ✢✉♦�,❢♦�♦� ♣♦�✐❝✐♦♥❛❞♦� ❡♠ ❞✐❢❡�❡♥�❡�

❧♦❝❛❧✐③❛�-❡� ♥♦ ✐♥�❡�✐♦� ❞❛ ❜✐❝❛♠❛❞❛ ✭❝♦✈❛❧❡♥�❡♠❡♥�❡ ❧✐❣❛❞♦� .� ❝❛❞❡✐❛� ❛❝✐❧❛ ❞♦�

❧✐♣�❞✐♦�✮ ♣❡�♠✐�✐�❛♠ ♠❛♣❡❛� �❡❣✐-❡� ❡✱ ♣♦� ❛❧�❡�❛�-❡� ♥❛ ♠♦❜✐❧✐❞❛❞❡ ❧♦❝❛❧ ❞♦� ❢♦�❢♦✲

❧✐♣�❞✐♦�✱ ❞❡♠♦♥���❛� �✉❡ ❛ ✐♥�❡���♦ ❞❛ �❡��❛❝❛�♥❛ ❝❛✉�❛✈❛ ❛❧�❡�❛�-❡� �✉❡ ❛�✐♥❣✐❛♠

�❡❣✐-❡� ♣�♦❢✉♥❞❛� ❞❛ ♠❡♠❜�❛♥❛ ❬✹✼❪✳ ❘❡❝❡♥�❡♠❡♥�❡✱ ❛ ��❝♥✐❝❛ ❞❡ ✢✉♦�❡�❝+♥❝✐❛ ❢♦✐

✉�✐❧✐③❛❞❛ ♥♦ ❡��✉❞♦ ❞❛� ♠♦❜✐❧✐❞❛❞❡� �♦�❛❝✐♦♥❛❧ ❡ ❧❛�❡�❛✐� ❞❡ ❧✐♣�❞✐♦� ❞❡ ♠❡♠❜�❛♥❛

♥❡✉�♦♥❛❧ ♥❛ ♣�❡�❡♥�❛ ❞❡ ❜✉♣✐✈❛❝❛�♥❛✳ ❱❡�✐✜❝♦✉✲�❡ �✉❡ ♦❝♦��❡♠ ❡①♣❛♥��♦ ❧❛�❡�❛❧

❞❛ ❜✐❝❛♠❛❞❛ ❡ ✉♠ ❛✉♠❡♥�♦ ❞❡ ♠♦❜✐❧✐❞❛❞❡ ♠✉✐�♦ ♠❛✐� �✐❣♥✐✜❝❛�✐✈♦ ❡♠ ❧✐♣�❞✐♦� ❞❛

♠♦♥♦❝❛♠❛❞❛ ✐♥�❡�♥❛ ❡ ♥❛� ♣�♦①✐♠✐❞❛❞❡� ❞❡ ♣�♦�❡�♥❛� ��❛♥�♠❡♠❜�❛♥❛�❡� ❞♦ �✉❡

❡♠ ♦✉��♦� ❞♦♠�♥✐♦� ♠❡♠❜�❛♥❛�❡� ❬✹✽❪✳

❊①♣❡�✐♠❡♥�♦� ❞❡ ♠✐❝�♦�❝♦♣✐❛ ❞❡ ❢♦��❛ ❛�4♠✐❝❛ ♠♦���❛�❛♠ ❝❧❛�❛♠❡♥�❡ ❛ ♠♦❞✐✲

✜❝❛��♦ ♥♦ ❡♠♣❛❝♦�❛♠❡♥�♦ ❞❡ ❜✐❝❛♠❛❞❛� ❞❡ ❞✐♠✐�✐���♦✐❧✲❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛ ✭❉▼7❈✮

❡ ❞❡ ❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛ ❞❡ ♦✈♦ ✭❊7❈✮ ❞❡✈✐❞♦ . ✐♥�❡�❛��♦ ❞♦ ❆▲ ❞✐❜✉❝❛�♥❛ ❝♦♠ ❛�

❝❛❜❡�❛� ♣♦❧❛�❡� ❞♦� ❧✐♣�❞✐♦� ❬✹✾❪✳ 7♦� 317✲❘▼◆ ❢♦�❛♠ ❞❡�❡❝�❛❞❛� ❛❧�❡�❛�-❡� ♥♦

❡♠♣❛❝♦�❛♠❡♥�♦ ❞♦� ❣�✉♣♦� ❢♦�❢❛�♦ ❞❛� ❝❛❜❡�❛� ♣♦❧❛�❡� ❞❡ ❢♦�❢♦❧✐♣�❞✐♦� ❞❡ ♠❡♠✲

❜�❛♥❛� ❞❡ ❡�✐��,❝✐�♦�✱ ✐♥❞✉③✐❞❛� ♣♦� ❧✐❞♦❝❛�♥❛ ❡ ❜❡♥③♦❝❛�♥❛✱ ❡♠ ♣❍ ✜�✐♦❧,❣✐❝♦ ❬✺✵❪✳

▼❡❞✐❞❛� ❞♦� �❡♠♣♦� ❞❡ �❡❧❛①❛��♦ ❧♦♥❣✐�✉❞✐♥❛❧ ✭1❍✲❘▼◆✮ ❞❡♠♦♥���❛�❛♠ �✉❡ �❡✲

❣✐-❡� ❡�♣❡❝�✜❝❛� ♥❛ ❝❛❜❡�❛ ♣♦❧❛� ❞♦� ❧✐♣�❞✐♦� ❞❡ ♠❡♠❜�❛♥❛ ❢♦�❛♠ ❡�♣❡❝✐✜❝❛♠❡♥�❡

❛❧�❡�❛❞❛� ♣❡❧❛ ♣�❡�❡♥�❛ ❞❛ ❢♦�♠❛ ♥❡✉��❛ ❞❛ ❧✐❞♦❝❛�♥❛ ❡ ♠❡♣✐✈❛❝❛�♥❛✱ ❡♥�✉❛♥�♦ �✉❡

�❡❣✐-❡� ♠❛✐� ♣�♦❢✉♥❞❛� ✭��♦♠♦� ❞♦ ❣�✉♣♦ ❣✐❝❡�♦❧ ❡ ♣�✐♠❡✐�♦� ��♦♠♦� ❞❡ ❝❛�❜♦♥♦ ❞❛�

❝❛❞❡✐❛� ❛❝✐❧❛✮ �♦❢�❡�❛♠ ❛❧�❡�❛�-❡� ♥❛ ❞✐♥>♠✐❝❛ ♠♦❧❡❝✉❧❛� ♣♦� ❛��♦ ❞❛ ❡�✐❞♦❝❛�♥❛ ❡

❜✉♣✐✈❛❝❛�♥❛✱ ❛♥❡����✐❝♦� ♠❛✐� ❤✐❞�♦❢,❜✐❝♦� ❬✺✵❪✳

❊��❛� ❛❧�❡�❛�-❡� ❡♠ ♣�♦♣�✐❡❞❛❞❡� ❡���✉�✉�❛✐� ❡ ❞✐♥>♠✐❝❛� ❞❡ �✐��❡♠❛� ♠❡♠❜�❛✲

♥❛�❡� ♥❛ ♣�❡�❡♥�❛ ❞❡ ❆▲ ❡���♦ ❞✐�❡�❛♠❡♥�❡ ❝♦��❡❧❛❝✐♦♥❛❞❛� ❡♥��❡ �✐ ❡ ❝♦♠ ♦ ❢❛�♦

❞❡ ♦� ❆▲ ♣❡��✉�❜❛�❡♠ ♦ ❡♠♣❛❝♦�❛♠❡♥�♦ ❢♦�❢♦❧✐♣�❞✐❝♦ ♣♦� ❡❢❡✐�♦� ❡����✐❝♦� ❡ ✐♥�❡✲

�❛�-❡� ✐♥�❡�♠♦❧❡❝✉❧❛�❡�✳ 7❛�❛ ♦ ❡��✉❞♦ ❛ ♥�✈❡❧ ♠♦❧❡❝✉❧❛� ❞❡ �✐��❡♠❛� ❞❡ ❢��♠❛❝♦�

❡♠ ♠❡♠❜�❛♥❛� ❜✐♦❧,❣✐❝❛�✱ ❛ ✉�✐❧✐③❛��♦ ❞❛ ��❝♥✐❝❛ ❞❡ �✐♠✉❧❛�-❡� ❝♦♠♣✉�❛❝✐♦♥❛✐�

♣♦� ❉▼ �❡♠ �✐❞♦ ❜❡♠ �✉❝❡❞✐❞❛✳ 7♦❞❡♠ �❡� ♦❜�✐❞❛� ✐♥?♠❡�❛� ✐♥❢♦�♠❛�-❡�✱ ❝♦♠♦

♦�✐❡♥�❛��♦ ❡ ♣♦�✐��♦ ♣�❡❢❡�❡♥❝✐❛❧ ❞♦ ❝♦♠♣♦��♦ ♥♦ ✐♥�❡�✐♦� ♠❡♠❜�❛♥❛�✱ ❝❛�❛❝�❡�✐✲
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③❛��♦ ❞❡ ✐♥
❡�❛��❡
 ❡
♣❡❝�✜❝❛
✱ ❜❡♠ ❝♦♠♦ ❞❛ ♣❡�
✉�❜❛��♦ ♥❛ ♠❡♠❜�❛♥❛ ❝❛✉
❛❞❛

♣❡❧❛ ♣�❡
❡♥�❛ ❞❛ ❞�♦❣❛ ❬✺✶✕✺✼❪✳ ❆
�❛✈!
 ❞❡ ❉▼✱ ❱❡♠♣❡�❛❧❛ ❡� ❛❧ ❬✺✶❪ ✈❡�✐✜❝❛�❛♠

❛ ♣❛�
✐��♦ ❡
♣♦♥
%♥❡❛ ❞♦ ❤❛❧♦
❛♥♦✱ ✉♠ ❛♥❡

!
✐❝♦ ❣❡�❛❧✱ ❡♠ ♠❡♠❜�❛♥❛
 ❞❡ ❞✐♦❧❡✐❧✲

❢♦
❢❛
✐❞✐❧❝♦❧✐♥❛ ✭❉❖+❈✮ ❝♦♥
❡♥❞♦ 
❡❣♠❡♥
♦
 ♣❡♣
�❞✐❝♦
 ✐♠❡�
♦
✱ �❡♣�❡
❡♥
❛
✐✈♦
 ❞❛

♣♦���♦ ❧✐❣❛❞❛ . ♠❡♠❜�❛♥❛ ❞♦ �❡❝❡♣
♦� ♥✐❝♦
�♥✐❝♦ ❞❡ ❛❝❡
✐❧❝♦❧✐♥❛✳ ❖❜
❡�✈♦✉✲
❡ ✉♠❛

♠♦❧!❝✉❧❛ ❞❡ ❤❛❧♦
❛♥♦ ❧✐❣❛�✲
❡ ❛♦ �❡
�❞✉♦ ❞❡ 
✐�♦
✐♥❛ ✐❞❡♥
✐✜❝❛❞♦ ❡①♣❡�✐♠❡♥
❛❧♠❡♥
❡

❝♦♠♦ ♦ 
�
✐♦ ❡
♣❡❝�✜❝♦ ❞❡ ❧✐❣❛��♦✳

❊♠ ♥♦

♦ ❣�✉♣♦ ❞❡ ♣❡
1✉✐
❛✱ ❢♦�❛♠ ❡

✉❞❛❞❛
 ❛
 ✐♥
❡�❛��❡
 ❞❡ ❝❧♦�♣�♦♠❛③✐♥❛✱

✉♠ ❢2�♠❛❝♦ ♥❡✉�♦❧!♣
✐❝♦ ❞❡ ❛♠♣❧♦ ✉
♦ ❝❧�♥✐❝♦✱ ❡♠ ♠♦♥♦❝❛♠❛❞❛
 ❞❡ ▲❛♥❣♠✉✐�

❞❡ ❢♦
❢♦❧✐♣�❞✐♦
 ♠❡❞✐❛♥
❡ 
✐♠✉❧❛��❡
 ❞❡ ❉▼ ❬✺✷✱ ✺✸❪✳ ❋♦�❛♠ ❝♦♥
✐❞❡�❛❞♦
 ♦
 ❞♦✐


❡

❛❞♦
 ❞❡ ✐♦♥✐③❛��♦ ❞♦ ❝♦♠♣♦

♦ ❡ ❞✐❢❡�❡♥
❡
 ✈❛❧♦�❡
 ❞❡ 2�❡❛ ♣♦� ❧✐♣�❞✐♦ ❞❛
 ♠♦♥♦✲

❝❛♠❛❞❛
 ❞❡ ❞✐♣❛❧♠✐
♦✐❧✲❢♦
❢❛
✐❞✐❧❝♦❧✐♥❛ ✭❉++❈✮ ♦✉ ❞❡ ❞✐♣❛❧♠✐
♦✐❧✲❢♦
❢❛
✐❞✐❧❣❧✐❝❡�♦❧

✭❉++●✮✳ ❖❜
❡�✈♦✉✲
❡ 1✉❡ ❛ ❡
♣!❝✐❡ ♥❡✉
�❛ ! 
♦❧✈❛
❛❞❛ ♥❛ �❡❣✐�♦ ❞❛
 ❝❛✉❞❛
 ✭❤✐❞�♦✲

❢8❜✐❝❛
✮ ❡♥1✉❛♥
♦ 1✉❡ ❛ ❡
♣!❝✐❡ ❝❛��❡❣❛❞❛ ❧♦❝❛❧✐③❛✲
❡✱ ❡

❡♥❝✐❛❧♠❡♥
❡✱ ♥❛ ✐♥
❡�❢❛❝❡

♣♦❧❛�✳ ❋♦�❛♠ ❡

✉❞❛❞❛
 ❞✐✈❡�
❛
 ♣�♦♣�✐❡❞❛❞❡
✱ ❝♦♠♦ ♣❛�%♠❡
�♦
 ❞❡ ♦�❞❡♠ ✭♠❡♥✲


✉�2✈❡✐
 ♣♦� ❘▼◆✮✱ ♦�✐❡♥
❛��❡
 ❞❛
 ❝❛❜❡�❛
 ♣♦❧❛�❡
 ❞♦
 ❢♦
❢♦❧✐♣�❞✐♦
✱ ❢♦�♠❛��♦ ❞❡

❧✐❣❛��❡
 ❞❡ ❤✐❞�♦❣;♥✐♦ ❡ ♣❡�✜
 ❞❡ ❞❡♥
✐❞❛❞❡ ❡❧❡
�<♥✐❝❛✱ ❞❡♥
�❡ ♦✉
�❛
✳

❊✈✐❞❡♥
❡♠❡♥
❡✱ ❛ ❝♦♠✉♥✐❝❛��♦ ❡♥
�❡ ❣�✉♣♦
 ❡①♣❡�✐♠❡♥
❛✐
 ❡ ❞❡ 
✐♠✉❧❛��♦ ❝♦♠✲

♣✉
❛❝✐♦♥❛❧ ♥❡

❛ 2�❡❛ ❞❡ ❝♦♥❤❡❝✐♠❡♥
♦ ♣♦❞❡ 
❡� ♠✉✐
♦ ♣�♦❢�❝✉❛✳ +♦� ❡①❡♠♣❧♦✱ ❡①✲

♣❡�✐♠❡♥
♦
 1❍✲❘▼◆ ❝♦♠❜✐♥❛❞♦
 ❝♦♠ ❛ 
!❝♥✐❝❛ ❝♦♠♣✉
❛❝✐♦♥❛❧ ❞❡ ❉▼ ♣❡�♠✐
✐�❛♠

✐❞❡♥
✐✜❝❛� ✉♠❛ ♦�✐❡♥
❛��♦ ♣�❡❢❡�❡♥❝✐❛❧ ❞❛ ♣�✐❧♦❝❛�♥❛ ❡♠ 
✉❛ ❢♦�♠❛ ♣�♦
♦♥❛❞❛ ♥❛

✐♥
❡�❢❛❝❡ ♣♦❧❛� ❞❛ ❜✐❝❛♠❛❞❛✱ ❡ ❛ ✐♥
❡���♦ ♣�♦❢✉♥❞❛ ❡ ❛♥✐
♦
�8♣✐❝❛ ❞❛
 ❡
♣!❝✐❡
 ♥❡✉✲


�❛
 ❬✺✹❪✳ ◆❡

❡ 
�❛❜❛❧❤♦✱ ❡
♣❡❝✐✜❝❛♠❡♥
❡✱ ❝♦♥
❛♠♦
 ❝♦♠ ❛ ❝♦❧❛❜♦�❛��♦ ❞♦ ❣�✉♣♦

❡①♣❡�✐♠❡♥
❛❧ ❞❛ +�♦❢❛✳ ❉�❛✳ ❊♥❡✐❞❛ ❞❡ +❛✉❧❛ ❡ ❝♦♠ ♦ +�♦❢✳ ❉�✳ ▲❡♦♥❛�❞♦ ❋�❛❝❡
♦✱

❝�✐❛♥❞♦ ✉♠ ❢♦�
❡ 
✐♥❡�❣✐
♠♦ ♣♦
✐
✐✈♦ ❡♥
�❡ 
✐♠✉❧❛��♦ ♠♦❧❡❝✉❧❛� ❡ ❡①♣❡�✐♠❡♥
♦
✳

1.3 A Articáına em Membranas Modelo

◆❡

❡ 
�❛❜❛❧❤♦✱ ❛ 
!❝♥✐❝❛ ❞❡ ❞✐♥%♠✐❝❛ ♠♦❧❡❝✉❧❛� ✭❉▼✮ ❢♦✐ ✉
❛❞❛ ♣❛�❛ ❡

✉❞❛�

♦ ❝♦♠♣♦�
❛♠❡♥
♦ ❞♦ ❛♥❡

!
✐❝♦ ❧♦❝❛❧ ❛�
✐❝❛�♥❛ ✭♠❡
✐❧ ✹✲♠❡
✐❧✲✸✲❬✷✲✭♣�♦♣✐❧❛♠✐♥♦✮✲

♣�♦♣✐♦♥❛♠✐❞♦❪✲
✐♦❢❡♥♦✲✷✲❝❛�❜♦①✐❧❛
♦❀ ❋✐❣✉�❛ ✶✳✺✮ ❡♠ ❜✐❝❛♠❛❞❛
 ❞❡ ✶✲♣❛❧♠✐
✐❧✲✷✲

♦❧❡✐❧✲�♥✲❣❧✐❝❡�♦✲✸✲❢♦
❢❛
✐❞✐❧❝♦❧✐♥❛ ✭+❖+❈✮✱ ♥❛ ❢❛
❡ ✢✉✐❞♦ ❧❛♠❡❧❛�✳ +♦✉❝♦ 
❡ ❝♦♥❤❡❝❡


♦❜�❡ ❛ ❛
✉❛��♦ ❞❛ ❆❚❈ ❛ ♥�✈❡❧ ♠♦❧❡❝✉❧❛�✱ ♠❛
 ❡

❡ ❛♥❡

!
✐❝♦✱ 
✐♥
❡
✐③❛❞♦ ♣❡❧❛ ♣�✐✲
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♠❡✐�❛ ✈❡③ ❡♠ ✶✾✻✾✱ ✈❡♠ �❡♥❞♦ ❛♠♣❧❛♠❡♥�❡ ✉�✐❧✐③❛❞♦ ❡♠ ❛♣❧✐❝❛��❡� ♦❞♦♥�♦❧�❣✐❝❛�

❡ ❞❡�♠❛�♦❧�❣✐❝❛�✱ ❞❛❞♦ �✉❛ �❛♣✐❞❡③ ❡♠ ✐♥✐❝✐❛� �✉❛ ❛��♦ ❛♥❡����✐❝❛ ❡ ❜❛✐①❛ ❛❧❡�✲

❣❡♥✐❝✐❞❛❞❡ ❬✺✽❪✳ ❆✐♥❞❛ ❤% ♣♦✉❝♦� ❡��✉❞♦� ❬✺✾✱ ✻✵❪ �♦❜�❡ ❛ ✐♥�❡�❛��♦ ❞❛ ❛��✐❝❛'♥❛

❝♦♠ ❜✐♦♠❡♠❜�❛♥❛� ♦✉ ♠♦♥♦❝❛♠❛❞❛� ❞❡ ▲❛♥❣♠✉✐� ❡✱ ❡�♣❡❝✐✜❝❛♠❡♥�❡✱ ♥�♦ ❤% ❡�✲

�✉❞♦� ❞❡ �✐♠✉❧❛��♦ ♣✉❜❧✐❝❛❞♦�✱ ❛♦ ❝♦♥��%�✐♦ ❞❡ ♦✉��♦� ❆▲✱ ❝♦♠♦ ❛ ❧✐❞♦❝❛'♥❛✱ ♣❛�❛

♦� *✉❛✐� ❥% ❡①✐��❡♠ ♥❛ ❧✐�❡�❛�✉�❛ ❛❧❣✉♥� ��❛❜❛❧❤♦� ❞❡ �❡✉� ❡❢❡✐�♦� ❡♠ ♠❡♠❜�❛♥❛�

❢♦�❢♦❧✐♣'❞✐❝❛� ✉�❛♥❞♦ �✐♠✉❧❛��❡� ❞❡ ❉▼ ❬✺✻✱ ✺✼❪✳

❆ ❆❚❈ ♣❡��❡♥❝❡ 2 ❝❧❛��❡ ❞♦� ❆▲ ❝❤❛♠❛❞♦� ❛♠✐♥♦✲❛♠✐❞❛�✳ ❊❧❛ �❡♠ ❞✉❛� ❝❛�❛❝✲

�❡�'��✐❝❛� 4♥✐❝❛� ❡♥��❡ ♦� ❆▲ ❝♦♥❤❡❝✐❞♦�✿ ❛ ♣♦���♦ ❛�♦♠%�✐❝❛ ❝♦♥�✐��❡ ❡♠ ✉♠ ❛♥❡❧

�✐♦❢❡♥♦ ❡✱ ❧✐❣❛❞❛ ❛ ❡❧❡✱ ✉♠ ❣�✉♣♦ ���❡�✱ *✉❡ ❝♦♥��✐❜✉✐ ♣❛�❛ ♦ �%♣✐❞♦ ♠❡�❛❜♦❧✐�♠♦ ❞♦

❢%�♠❛❝♦✱ ♣♦✐� � ❤✐❞�♦❧✐�❛❞♦ ❡♥③✐♠❛�✐❝❛♠❡♥�❡ ❛ %❝✐❞♦ ❛��✐❝❛'♥✐❝♦ ♣♦� ❡��❡�❛�❡� ❬✺✽❪✳

❈♦♠ ❡①❝❡��♦ ❞❡��❛� ♣❡❝✉❧✐❛�✐❞❛❞❡� ❞❛ ❆❚❈✱ ❛ ❝❛❞❡✐❛ *✉❡ ❝♦♥��♠ ♦� ❣�✉♣♦ ❛♠✐♥♦

❡ ❛♠✐❞❛ ❞❛ ❆❚❈ � ✐❞6♥�✐❝❛ 2 ❞❛ ♣�✐❧♦❝❛'♥❛✳

❋✐❣✉�❛ ✶✳✺✳ ❋��♠✉❧❛ ❡	
�✉
✉�❛❧ ❞❛ ❘✲❛�
✐❝❛�♥❛ ❡♠ 	✉❛ ❢♦�♠❛ ♥❡✉
�❛✳ ❊♠ 	❡✉ ❡	
❛❞♦

❝❛��❡❣❛❞♦✱ ♦ ♣��
♦♥ ❧✐❣❛✲	❡ ❛♦ ♥✐
�♦❣�♥✐♦ ◆✶✺✳ ❖ ❝❡♥
�♦ ❛		✐♠�
�✐❝♦ ❈✶✹ ❝♦♥❢❡�❡ ❛
✐✈✐❞❛❞❡ �♣
✐❝❛

❛♦ ❝♦♠♣♦	
♦✳

❆ ❆❚❈ ♣♦��✉✐ ✉♠ ❝❛�❜♦♥♦ ❛��✐♠���✐❝♦ ✭❈✶✹ ♥❛ ❋✐❣✉�❛ ✶✳✺✮✱ ❡✈✐❞❡♥❝✐❛♥❞♦ *✉❡ ♦

❝♦♠♣♦��♦ ❛♣�❡�❡♥�❛ ❛�✐✈✐❞❛❞❡ �♣�✐❝❛✳ ❖ ♣❑❛ ❞♦ ♥✐��♦❣6♥✐♦ ◆✶✺ � ❞❡ ❝❡�❝❛ ❞❡ ✼✱✽✳

>♦��❛♥�♦✱ ❛♠❜♦� ♦� ❡��❛❞♦� ❞❛ ❛��✐❝❛'♥❛✱ ♥❡✉��❛ ❡ ♣�♦�♦♥❛❞❛✱ ♣♦❞❡♠ �❡� �❡❧❡✈❛♥�❡�
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♥♦ ❝♦♥�❡①�♦ ✜�✐♦❧�❣✐❝♦✳ ◆❡��❡ ��❛❜❛❧❤♦✱ ♦ ❝♦♠♣♦��❛♠❡♥�♦ ❞❡ ❛♠❜❛� ❛� ❢♦�♠❛� ♥❛

♠❡♠❜�❛♥❛ ♠♦❞❡❧♦ � ✐♥✈❡��✐❣❛❞♦✳ ◆♦ ❡♥�❛♥�♦✱ ❝♦♠♦ ♦ �❡♠♣♦ ❞✐�♣♦♥�✈❡❧ ♣❛�❛ ♦

❞❡�❡♥✈♦❧✈✐♠❡♥�♦ ❞❡��❡ ��❛❜❛❧❤♦ � ❧✐♠✐�❛❞♦✱ ❞❡❝✐❞✐✉✲�❡ ♣♦� ❞❡❞✐❝❛� ♠❛✐♦� ❛�❡♥��♦

❡ ❡�❢♦��♦ � ❢♦�♠❛ ♥❡✉��❛✱ ♣♦✐� � ❝♦♥❤❡❝✐❞♦ ♦ ❢❛�♦ ❞❡  ✉❡ ❡�♣�❝✐❡� ♥❡✉��❛� ❞❡ ❆▲

❧✐❣❛♠✲�❡ ♠❛✐� ❢♦��❡♠❡♥�❡ ❛ ♠❡♠❜�❛♥❛ ❞♦  ✉❡ ♦ ❢❛③❡♠ ❛� ❡�♣�❝✐❡� ❝❛��❡❣❛❞❛� ❡✱

❛✐♥❞❛✱  ✉❡ ❡❢❡✐�♦� ❞❡ �♦①✐❝✐❞❛❞❡ ❡ ♣♦�$♥❝✐❛ ❞♦� ❆▲ ❡���♦ ❞✐�❡�❛♠❡♥�❡ �❡❧❛❝✐♦♥❛❞♦�

� ❤✐❞�♦❢♦❜✐❝✐❞❛❞❡ ❞❡��❡� ❢%�♠❛❝♦� ❬✸✱ ✹✹✱ ✻✶❪✳

❉❡�❞❡ ♦ ��❛❜❛❧❤♦ ❞❡ ▼❛❧❛♠❡❞ ❡ ❝♦❧❛❜♦�❛❞♦�❡� ❡♠ ✷✵✵✵ ❬✻✷❪✱ ♣�♦♣❛❣❛✲�❡ ♥❛ ❧✐�❡✲

�❛�✉�❛✱ ❞❡ ✉♠ ♠♦❞♦ ♣♦✉❝♦ ❡�♣❡❝�✜❝♦✱ ❛ ✐♥❢♦�♠❛��♦ ❞❡  ✉❡ ♦ ❛♥❡❧ �✐♦❢❡♥♦ ❞❛ ❆❚❈

�♦�♥❛✲❛ ♠❛✐� ❧✐♣♦��♦❧2✈❡❧ ❬✺✾✱ ✻✸❪✳ ❊♠ ❝♦♠♣❛�❛��♦ ❝♦♠ ♦✉��♦� ❛♥❡����✐❝♦� ❧♦❝❛✐�✱ ❛

 ✉❡���♦ ❞❛ ❤✐❞�♦❢♦❜✐❝✐❞❛❞❡ ❞❛ ❆❚❈ � ❝♦♥��♦✈❡��❛✳ ◆♦ ❧❛❜♦�❛���✐♦ ❞❛ 6�♦❢✳ ❊♥❡✐❞❛

❞❡ 6❛✉❧❛✱ ❞❡�❡�♠✐♥❛�❛♠✲�❡ ✈❛❧♦�❡� ❞❡ ❝♦❡✜❝✐❡♥�❡ ❞❡ ♣❛��✐��♦ ♣❛�❛ ❞✐❢❡�❡♥�❡� ❛♥❡���✲

�✐❝♦� ❧♦❝❛✐� ♥❛ ❢♦�♠❛ ♥❡✉��❛✱ ❡♠ %❣✉❛✴♥✲♦❝�❛♥♦❧✳ ❖� �❡�✉❧�❛❞♦� ❞❡��❡ ❡①♣❡�✐♠❡♥�♦

✐♥❞✐❝❛♠  ✉❡✱ ❡♠ �❡�♠♦� ❞❡ ❤✐❞�♦✜❧✐❝✐❞❛❞❡✴❤✐❞�♦❢♦❜✐❝✐❞❛❞❡✱ ❛ ❆❚❈ �✐�✉❛✲�❡ ❝♦♠♦

✐♥�❡�♠❡❞✐%�✐❛ ❡♥��❡ ❛♥❡����✐❝♦� ♠❛✐� ❤✐❞�♦❢�❜✐❝♦� ❡ ♣♦�❡♥�❡� ✭�❡��❛❝❛�♥❛✱ ❡�✐❞♦❝❛�♥❛

❡ ❞✐❜✉❝❛�♥❛✮ ❡ ❆▲ ❞❡ ♠❛✐♦� ❝❛�%�❡� ❤✐❞�♦❢�❧✐❝♦ ✭❝♦♠♦ ❧✐❞♦❝❛�♥❛✱ ♣�✐❧♦❝❛�♥❛ ❡ ♠❡✲

♣✐✈❛❝❛�♥❛✮✳ ❊��❛  ✉❡���♦ �❡�% ❛❜♦�❞❛❞❛ ♥♦✈❛♠❡♥�❡ ♥❡��❛ ❞✐��❡��❛��♦ ❛ ♣❛��✐� ❞♦�

�❡�✉❧�❛❞♦� ♦❜�✐❞♦� ❞❛� �✐♠✉❧❛�;❡� ❞❡ ❆❚❈ ❡♠ ♠❡♠❜�❛♥❛ 6❖6❈ ❡ ❞❡ ❡①♣❡�✐♠❡♥�♦�

❞❡ 1❍✲❘▼◆ ❞❡ ❆❚❈ ♥❡✉��❛ ❡♠ ❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛ ❞❡ ♦✈♦✳
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2.1 Dinâmica Molecular

❖ ❝♦♥❝❡✐�♦ ❞❡ ❞✐♥	♠✐❝❛ ♠♦❧❡❝✉❧❛� ❢♦✐ ✐♥��♦❞✉③✐❞♦ ♥❛ ❞�❝❛❞❛ ❞❡ ✺✵ ♣♦� ❆❧❞❡� ❡

❲❛✐♥✇�✐❣❤� ❬✻✹❪ ❝♦♠ ♦ ❡��✉❞♦ ❞❡ ✐♥�❡�❛� ❡� ❡♥��❡ ❡�❢❡�❛� �!❣✐❞❛�✱ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡

❞❡ ❝♦♥��✐❜✉✐� ❝♦♠ ❛♥%❧✐�❡� ❞❡ ♠❡❝	♥✐❝❛ ❡��❛�!��✐❝❛ ❞❡ ❧!&✉✐❞♦� �✐♠♣❧❡�✳ ❆❧❣✉♥�

❛♥♦� ❞❡♣♦✐�✱ ❛ ��❝♥✐❝❛ ❛✈❛♥�♦✉ ❝♦♠ ❛ ✐♥��♦❞✉�)♦ ❞❡ ♣♦�❡♥❝✐❛✐� �❡❛❧!��✐❝♦� ❝♦♥�!♥✉♦�

♣❛�❛ �✐♠✉❧❛� ❛�❣*♥✐♦ ❧!&✉✐❞♦ ❬✻✺❪ ❡ %❣✉❛ ❬✻✻❪✳ ❉❡�❞❡ ❡♥�)♦✱ ❛ ❉▼ �♦�♥❛✲�❡ ❝❛❞❛

✈❡③ ♠❛✐� ❛❜�❛♥❣❡♥�❡✱ ❛❝♦♠♣❛♥❤❛♥❞♦ ❛ ❡✈♦❧✉�)♦ ❞❡ ♣�♦❝❡❞✐♠❡♥�♦� ❞❡ �✐♠✉❧❛�)♦ ❡

❞❡ ❝❛♣❛❝✐❞❛❞❡ ❝♦♠♣✉�❛❝✐♦♥❛❧✳ ❆�✉❛❧♠❡♥�❡✱ �)♦ ♦❜❥❡�♦� ❞❡ ❡��✉❞♦ ♥❛ %�❡❛ ❞❡�❞❡

�/❧✐❞♦� ❝�✐��❛❧✐♥♦� ❡ ❛♠♦�❢♦� ❛�� �✐��❡♠❛� ❜✐♦❧/❣✐❝♦� ❝♦♠♣❧❡①♦� ✭♠❡♠❜�❛♥❛� ♠♦❞❡❧♦✱

♣�♦�❡!♥❛�✱ ❉◆❆✱ ❡�❝✳✮✱ ♣❛��❛♥❞♦ ♣♦� ❧!&✉✐❞♦� ♠♦❧❡❝✉❧❛�❡� ❡ ✐*♥✐❝♦�✱ �✉�❢❛❝�❛♥�❡� ❡

�✐��❡♠❛� ✐♥�❡�❢❛❝✐❛✐� ❞✐✈❡��♦� ❬✻✼✕✻✾❪✳

❆ ♠❡�♦❞♦❧♦❣✐❛ ❉▼ � ❜❛�❡❛❞❛ ♥♦� ♣�✐♥❝!♣✐♦� ❜%�✐❝♦� ❞❛ ▼❡❝	♥✐❝❛ ❈❧%��✐❝❛ ❡

❞❛ ❋!�✐❝❛ ❊��❛�!��✐❝❛ ❡ ♣♦❞❡ ♣�♦♣♦�❝✐♦♥❛� ♦ ❛❝❡��♦ ❛♦ ❝♦♠♣♦��❛♠❡♥�♦ ❞✐♥	♠✐❝♦

♠✐❝�♦�❝/♣✐❝♦ ❞♦� %�♦♠♦� &✉❡ ❝♦♥��✐�✉❡♠ ✉♠ ❞❛❞♦ �✐��❡♠❛✳ ❉❡��❛ ✐♥❢♦�♠❛�)♦✱ ♦�

♠❡❝❛♥✐�♠♦� ♠✐❝�♦�❝/♣✐❝♦� ❞❛ ��❛♥�❢❡�:♥❝✐❛ ❞❡ ♠❛��❛ ❡ ❡♥❡�❣✐❛ ♥✉♠ ♣�♦❝❡��♦ &✉!✲

♠✐❝♦✱ ♣♦� ❡①❡♠♣❧♦✱ ♣♦❞❡♠ �❡� ♦❜�❡�✈❛❞♦�✳ ❆❧�♠ ❞✐��♦✱ ❛ ❉▼ ♣♦❞❡ �❡� ❡♠♣�❡❣❛❞❛

❝♦♠♦ ✉♠ ♠❡✐♦ ❞❡ ❛♠♦���❛❣❡♠ ❞❡ ✉♠ ❡♥�❡♠❜❧❡ ♠❡❝	♥✐❝♦✲❡��❛�!��✐❝♦✳ ❆��✐♠✱ � ♣♦�✲

�!✈❡❧ ❞❡�❡�♠✐♥❛� ♣�♦♣�✐❡❞❛❞❡� �❡�♠♦❞✐♥	♠✐❝❛� ♥♦ ❡&✉✐❧!❜�✐♦✱ �❛✐� ❝♦♠♦✿ ♣�❡��)♦✱

�❡♠♣❡�❛�✉�❛✱ ✈♦❧✉♠❡✱ ❡♥�❛❧♣✐❛�✱ ❡♥❡�❣✐❛� ❧✐✈�❡�✱ ❡�❝✱ ❛❧�♠ ❞❛ ❡���✉�✉�❛✱ ♣�♦♣�✐❡❞❛✲

❞❡� ❞❡ ��❛♥�♣♦��❡✱ ♣�♦♣�✐❡❞❛❞❡� ❡�♣❡❝��♦�❝/♣✐❝❛� ❡ ♣♦�❡♥❝✐❛✐� ❞❡ ❢♦��❛ ♠�❞✐❛ ❛♦

❧♦♥❣♦ ❞❡ ❝❛♠✐♥❤♦� ❞❡ �❡❛�)♦✳ ❖� ♦❜�❡�✈%✈❡✐� ❡♠ ✉♠ �✐��❡♠❛ �)♦ ❢♦�♠✉❧❛❞♦� ❡♠

�❡�♠♦� ❞❡ ♠�❞✐❛� ♥♦ ❡♥�❡♠❜❧❡✱ &✉❡ �)♦ ❝❛�❛❝�❡�✐③❛❞♦� ♣♦� ✈❛❧♦�❡� ✜①♦� ❞❛� ✈❛�✐%✲

✈❡✐� �❡�♠♦❞✐♥	♠✐❝❛� �❛✐� ❝♦♠♦ ❡♥❡�❣✐❛✱ E✱ �❡♠♣❡�❛�✉�❛✱ T ✱ ♣�❡��)♦✱ P ✱ ✈♦❧✉♠❡✱ V ✱

♥<♠❡�♦ ❞❡ ♣❛��!❝✉❧❛✱ N ✱ ♦✉ ♣♦�❡♥❝✐❛❧ &✉!♠✐❝♦✱ µ✳ ❊��❛� ✈❛�✐%✈❡✐� ♣♦❞❡♠ �❡� ❝♦♥�✐✲

❞❡�❛❞❛� ❝♦♠♦ ♣❛�	♠❡��♦� ❡①♣❡�✐♠❡♥�❛✐� ❞❡ ❝♦♥��♦❧❡ &✉❡ ❡�♣❡❝✐✜❝❛♠ ❛� ❝♦♥❞✐� ❡�

�♦❜ ❛� &✉❛✐� ❛ ❵❡①♣❡�✐:♥❝✐❛✬ ♥♦ ❝♦♠♣✉�❛❞♦� � ❡①❡❝✉�❛❞❛✳

2.1.1 As Simulações

?❛�❛ �❡ ❛♣❧✐❝❛� ❛ ��❝♥✐❝❛ ❞❡ ❉▼ ❡♠ ✉♠ �✐��❡♠❛✱ ✐♥✐❝✐❛❧♠❡♥�❡ � ♥❡❝❡��%�✐♦ ❝�✐❛�

✉♠❛ ❵❝❛✐①❛ ❞❡ �✐♠✉❧❛�)♦✬ ❝♦♥�❡♥❞♦ N ♠♦❧�❝✉❧❛�✱ �✉❥❡✐�❛ @� ❝♦♥❞✐� ❡� ❞❡ ❢�♦♥�❡✐�❛
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i

N/V

NpT

N 103 106
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❛❧❡❛���✐❛ ❞❛	 ♠♦❧�❝✉❧❛	 ♥❛ ❝❛✐①❛ ❞❡ 	✐♠✉❧❛��♦✳ ❏� ❡♠ 	✐♠✉❧❛��❡	 ❞❡ ♣�♦�❡�♥❛	✱

❛	 ♣♦	✐��❡	 ✐♥✐❝✐❛✐	 	�♦ ❣❡�❛❧♠❡♥�❡ ♦❜�✐❞❛	 ❛ ♣❛��✐� ❞❛	 ❡	��✉�✉�❛	 ❝�✐	�❛❧♦❣��✜❝❛	✳

❱❡❧♦❝✐❞❛❞❡	 ✐♥✐❝✐❛✐	✱ ♣♦� 	✉❛ ✈❡③✱ 	�♦ ❣❡�❛❧♠❡♥�❡ ❛��✐❜✉�❞❛	 ❛❧❡❛�♦�✐❛♠❡♥�❡ ❛♦	

��♦♠♦	 ❞♦ 	✐	�❡♠❛ ❞❡ ❛❝♦�❞♦ ❝♦♠ ✉♠❛ ❞✐	��✐❜✉✐��♦ ❞❡ ▼❛①✇❡❧❧✲❇♦❧�③♠❛♥♥ ♣❛�❛ ❛

�❡♠♣❡�❛�✉�❛ ❞❡	❡❥❛❞❛✳

❊	�❡ ♣�♦❝❡❞✐♠❡♥�♦ ❞❡✈❡ 	❡� ❛❝♦♠♣❛♥❤❛❞♦ ♣♦� ✉♠❛ ♣�❡	❝�✐��♦ ❞❡ ❝♦♠♦ ❛	 ✐♥�❡✲

�❛��❡	 ❡♥��❡ ❛	 ✐♠❛❣❡♥	 ❞❛	 ♣❛���❝✉❧❛	 ♣❡��❡♥❝❡♥�❡	 ❛ ❞✐❢❡�❡♥�❡	 ��♣❧✐❝❛	 ♣❡�✐�❞✐❝❛	

❞❡✈❡♠ 	❡� ♠❛♥✐♣✉❧❛❞❛	✳ ❙❡ ❛	 ❢♦��❛	 ❡♥✈♦❧✈✐❞❛	 ❢♦�❡♠ ❞❡ ❝✉��♦ ❛❧❝❛♥❝❡✱ ♣♦❞❡♠ 	❡�

❛♣❧✐❝❛❞❛	 ❛	 ❝♦♥✈❡♥��❡	 ❞♦ �❛✐♦ ❞❡ ❝♦��❡ ❡	❢��✐❝♦ ❡ ❞❛ ✐♠❛❣❡♠ ♠�♥✐♠❛✳ ◗✉❛♥❞♦ ❛	

❢♦��❛	 ❞❡ ✐♥�❡�❛��♦ ❡♥��❡ ❛	 ♣❛���❝✉❧❛	 ❞❡❝❛❡♠ ❧❡♥�❛♠❡♥�❡ ❝♦♠ ❛ ❞✐	�*♥❝✐❛✱ ❝♦♠♦

♥❛	 ✐♥�❡�❛��❡	 ❈♦✉❧,♠❜✐❝❛	✱ ♣♦❞❡♠♦	 	✉❜	�✐�✉✐� ♥❛ ❝�❧✉❧❛ ❞❡ 	✐♠✉❧❛��♦ ❛ ❢♦��❛ ❞❡

✐♥�❡�❛��♦ 	✐♠♣❧❡	 ❡♥��❡ ♣❛�❡	 ❞❡ ♣❛���❝✉❧❛	 ♣♦� ✉♠❛ ❢♦��❛ ❡❢❡�✐✈❛ ✭♠��♦❞♦ ❞❛ 	♦♠❛

✐♥✜♥✐�❛✮✱ ♦❜�✐❞❛ 	♦♠❛♥❞♦✲	❡ ❛	 ✐♥�❡�❛��❡	 ❡♥��❡ �♦❞❛	 ❛	 ✐♠❛❣❡♥	 ♣❡�✐�❞✐❝❛	 ❞❡		❛	

♣❛���❝✉❧❛	✳ ❯♠ ❞♦	 ♠��♦❞♦	 ❜❡♠ ❡	�❛❜❡❧❡❝✐❞♦	 ♣❛�❛ ✐		♦ � ♦ ❞❛	 	♦♠❛	 ❞❡ ❊✇❛❧❞✳

❆ ✐❞�✐❛ ❡		❡♥❝✐❛❧ ♥❛ ❣❡�❛��♦ ❞❛	 ��❛❥❡���✐❛	 ❞❡ ❉▼ � ♠✉✐�♦ 	✐♠♣❧❡	✳ ❉❛❞❛	 ❛	

♣♦	✐��❡	 ❞❡ �♦❞♦	 ♦	 ��♦♠♦	 ❞♦ 	✐	�❡♠❛✱ ❛	 ❢♦��❛	 ❛�✉❛♥❞♦ 	♦❜�❡ ❡❧❡	 ♣♦❞❡♠ 	❡�

❝❛❧❝✉❧❛❞❛	 ♣❡❧❛ ❞❡�✐✈❛❞❛ ❞♦ ♣♦�❡♥❝✐❛❧ �F = −∇V ✳ ❉❡ ❛❝♦�❞♦ ❝♦♠ ❛ ❙❡❣✉♥❞❛ ▲❡✐

❞❡ ◆❡✇�♦♥✱ ♣♦❞❡♠♦	 ❝♦♠♣✉�❛� ❛ ❛❝❡❧❡�❛��♦ ❞❡ ❝❛❞❛ ��♦♠♦ ❛ ♣❛��✐� ❞❡	�❛	 ❢♦��❛	

♣♦�

−∇V = m�a, ✭✷✳✶✮

	❡♥❞♦ m ❛ ♠❛		❛ ❞♦ ��♦♠♦✳ ❆ ❛❝❡❧❡�❛��♦ �✱ ❡♥��♦ ❝♦♠❜✐♥❛❞❛ 6	 ♣♦	✐��❡	 ❡ ✈❡✲

❧♦❝✐❞❛❞❡	 ❡♠ ✉♠ �❡♠♣♦ t ♣❛�❛ ❝♦♠♣✉�❛� ❛	 ♣♦	✐��❡	 ❡ ✈❡❧♦❝✐❞❛❞❡	 ❡♠ ✉♠ �❡♠♣♦

t + δt✳ ❉❛❞❛	 ❛	 ♣♦	✐��❡	 ♥❡	�❡ ♥♦✈♦ ✐♥	�❛♥�❡✱ ♦	 ♣♦�❡♥❝✐❛✐	 	�♦ �❡❝❛❧❝✉❧❛❞♦	✱ ❞❡✲

✜♥✐♥❞♦ ♥♦✈❛	 ❢♦��❛	✱ ♥♦✈❛	 ❛❝❡❧❡�❛��❡	 ❡✱ ❛		✐♠✱ ♣❡�♠✐�✐♥❞♦ ♥♦✈❛♠❡♥�❡ ♦ ❝�❧❝✉❧♦

❞❛	 ♣♦	✐��❡	 ❡♠ ✉♠ ✐♥	�❛♥�❡ ♣♦	�❡�✐♦�✳ ❆ �❡♣❡�✐��♦ ❞❡	�❡ ❝✐❝❧♦ ❧❡✈❛ ❛ ♦❜�❡♥��♦ ❞❛

��❛❥❡���✐❛ ❞❛	 ♣❛���❝✉❧❛	 ❞♦ 	✐	�❡♠❛✱ ♦✉ 	❡❥❛✱ ♦❜�7♠✲	❡ ♦ ❡♥	❡♠❜❧❡ ♥❛	 ❝♦♥❞✐��❡	

�❡�♠♦❞✐♥*♠✐❝❛	 ❞❡ ✐♥�❡�❡		❡✳

❊①✐	�❡♠ ♠✉✐�♦	 ❛❧❣♦�✐�♠♦	 ♣❛�❛ ❛ �❡	♦❧✉��♦ ❞❛	 ❡8✉❛��❡	 ❞❡ ♠♦✈✐♠❡♥�♦ ♠❛	

�♦❞♦	 ❡❧❡	 ❛		✉♠❡♠ 8✉❡ ❛	 ♣♦	✐��❡	✱ ✈❡❧♦❝✐❞❛❞❡	 ❡ ❛❝❡❧❡�❛��❡	 ♣♦❞❡♠ 	❡� ❛♣�♦①✐✲

♠❛❞❛	 ❝♦♠♦ 	��✐❡	 ❞❡ ❡①♣❛♥	�♦ ❞❡ ❚❛②❧♦� ❬✻✼❪✿

�r(t + δt) = �r(t) + δt�v(t) +
1

2
δt2�a(t) +

1

6
δt3�bt + ... ✭✷✳✷✮
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�v(t + δt) = �v(t) + δt�a(t) +
1

2
δt2�b(t) + ... ✭✷✳✸✮

�a(t + δt) = �a(t) + δt�b(t) + ... ✭✷✳✹✮

❡♠ 	✉❡ �v✱ �a✱ �b ❡ ❡�❝✳ ��♦ ✈❡�♦�❡� ��✐❞✐♠❡♥�✐♦♥❛✐� ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✭✐✳❡✳ ❛ ♣�✐♠❡✐�❛ ❞❡✲

�✐✈❛❞❛ ♥♦ �❡♠♣♦ ❞❛� ♣♦�✐��❡�✮✱ ❛❝❡❧❡�❛��♦ ✭❛ �❡❣✉♥❞❛ ❞❡�✐✈❛❞❛✮✱ �❡�❝❡✐�❛ ❞❡�✐✈❛❞❛✱

❡ ❛��✐♠ ♣♦� ❞✐❛♥�❡✳

◆❛ ❞❡❝✐��♦ ❞❡ 	✉❛❧ ❛❧❣♦�✐�♠♦ � ♦ ♠❛✐� ❛♣�♦♣�✐❛❞♦✱ ❞❡✈❡♠ �❡� ❢❡✐�❛� ❝♦♥�✐❞❡�❛��❡�

✐♠♣♦��❛♥�❡�✱ ❝♦♠♦ ♦ ❡�❢♦��♦ ❝♦♠♣✉�❛❝✐♦♥❛❧ �❡	✉❡�✐❞♦ ❡ ❛ ❝♦♥�❡�✈❛��♦ ❞❛ ❡♥❡�❣✐❛✳

❉❡♥��❡ ♦� ❛❧❣♦�✐�♠♦� ♠❛✐� ✉�✐❧✐③❛❞♦� ❛�✉❛❧♠❡♥�❡ ♥❛� �✐♠✉❧❛��❡�✱ ❡���♦ ♦ ❛❧❣♦�✐�♠♦

❱❡�❧❡� ❬✼✶❪ ❡ ❱❡�❧❡�✲✈❡❧♦❝✐❞❛❞❡ ❬✼✶✕✼✸❪✳ ❊��❡ )❧�✐♠♦ � ♦ ❛❧❣♦�✐�♠♦ ✐♠♣❧❡♠❡♥�❛❞♦ ♥♦

♣�♦❣�❛♠❛ ◆❆▼❉✳ ❙❡❣✉❡ ❛ ❞❡�❝�✐��♦ ❞♦ ♠❡�♠♦✳

O algoritmo Verlet-velocidade

❖ ❛❧❣♦�✐�♠♦ ❱❡�❧❡�✲✈❡❧♦❝✐❞❛❞❡ ❝♦♥�✐��❡ ♥♦ ❝.❧❝✉❧♦ ❞❛� ♣♦�✐��❡� ✉�❛♥❞♦ ❛ ❡①♣❛♥��♦

❞❡ ❚❛②❧♦� ��✉♥❝❛❞❛ ♥❛ �❡❣✉♥❞❛ ♦�❞❡♠✳

�r(t + δt) = �r(t) + δt�v(t) +
1

2
δt2�a(t). ✭✷✳✺✮

❏. ❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦ ✐♥��❛♥�❡ t + δt � ❝♦♠♣✉�❛❞❛ ♣❡❧❛ ♠�❞✐❛ ❞❛� ❛❝❡❧❡�❛��❡� ♥♦�

✐♥��❛♥�❡� t + δt✿

�v(t + δt) = �v(t) +
�a(t)δt

2
+

�a(t + δt)δt

2
✭✷✳✻✮

❖ ❛❧❣♦�✐�♠♦ ❱❡�❧❡�✲✈❡❧♦❝✐❞❛❞❡ � ✐♠♣❧❡♠❡♥�❛❞♦ ❡♠ ��6� ❡�❛♣❛�✱ ♣♦✐�✱ ❝♦♠♦ ♣♦❞❡

�❡� ✈✐��♦ ❡♠ ✷✳✻✱ � ♥❡❝❡��.�✐♦ ❛�♠❛③❡♥❛� ♦� ✈❛❧♦�❡� ❞❡ ❛❝❡❧❡�❛��♦ ♥♦� ✐♥��❛♥�❡� t ❡

t + δt ♣❛�❛ ♦ ❝.❧❝✉❧♦ ❞❡ ♥♦✈❛� ✈❡❧♦❝✐❞❛❞❡�✳ ❆��✐♠✱ ♣�✐♠❡✐�❛♠❡♥�❡✱ ❛� ♣♦�✐��❡� ❡♠

t+δt ��♦ ❝❛❧❝✉❧❛❞❛� ♣❡❧❛ ❊	✉❛��♦ ✷✳✺✳ ❆� ✈❡❧♦❝✐❞❛❞❡� ♥♦ �❡♠♣♦ t+ 1
2
δt ��♦✱ ❡♥��♦✱

❞❡�❡�♠✐♥❛❞❛� ❝♦♠✿

�v(t +
1

2
δt) = �v(t) +

1

2
δt�a(t) ✭✷✳✼✮

❆ ✈❡❧♦❝✐❞❛❞❡ ♥❡��❡ ✐♥��❛♥�❡ ✐♥�❡�♠❡❞✐.�✐♦ � ✉�✐❧✐③❛❞❛ ♣❛�❛ ♦ ❝.❧❝✉❧♦ ❞❛� ♣♦�✐��❡�

❡♠ t + δt✱

�x(t + δt) = �x(t) + �v(t +
1

2
δt)δt ✭✷✳✽✮

❆� ❢♦��❛� �❡�✉❧�❛♥�❡� ��♦ ❝❛❧❝✉❧❛❞❛� ♣❛�❛ ❛� ♥♦✈❛� ♣♦�✐��❡� ♥♦ ✐♥��❛♥�❡ t + δt ❡✱

❡♥��♦✱ ❝♦♠♣✉�❛✲�❡ �a(t)✳ ❆��✐♠✱ ❛ ❊	✉❛��♦ ✷✳✻ ♣♦❞❡ �❡� �❡�♦❧✈✐❞❛✱ ❥. 	✉❡

�v(t + δt) = �v(t +
δt

2
) +

δt

2
�a(t + δt). ✭✷✳✾✮
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❉❡♥��❡ ❛� �❛③	❡� ♣❛�❛ ♦ ❝♦��❡♥�❡ ✉�♦ ❞❡��❡ ❛❧❣♦�✐�♠♦ ❡♠ �✐♠✉❧❛�	❡� ❞❡ ❉▼✱

❡��� ❛ ❞❡ �✉❡ ❡❧❡ �❡�✉❡� ❛ ❛✈❛❧✐❛��♦ ❞❛� ❢♦��❛� ❛♣❡♥❛� ✉♠❛ ✈❡③ ♣♦� ♣❛��♦ ❞❡ �❡♠♣♦✳

❱❡�❧❡�✲✈❡❧♦❝✐❞❛❞❡ � ❝♦♥�✐❞❡�❛❞♦ ✉♠ ❛♣�✐♠♦�❛♠❡♥�♦ ❛♦ ❛❧❣♦�✐�♠♦ ❱❡�❧❡�✱ ♣♦✐� ❛�

✈❡❧♦❝✐❞❛❞❡� ��♦ ❝❛❧❝✉❧❛❞❛� ❝♦♠ ♠❛✐♦� ♣�❡❝✐��♦ ❡ ♠❡♥♦� ✈❡�♦�❡� �❡♠ �✉❡ �❡� ❛�♠❛✲

③❡♥❛❞♦�✳

2.1.2 Potenciais de Interação

❆� ❢♦��❛� ❡♠ ❉▼ ��♦ ♠♦❞❡❧❛❞❛� ❛��❛✈�� ❞❡ ♣♦�❡♥❝✐❛✐� ❝❧���✐❝♦� ✭❝❛♠♣♦� ❞❡ ❢♦��❛✮

❜❛�❡❛❞♦� ❡♠ ❞❛❞♦� ❡①♣❡�✐♠❡♥�❛✐� ❡ ❡♠ �✉♣❡�❢$❝✐❡� ❞❡ ❡♥❡�❣✐❛ ♣♦�❡♥❝✐❛❧ ♦�✐✉♥❞❛�

❞❛ ❡���✉�✉�❛ ❡❧❡��%♥✐❝❛ ♦❜�✐❞❛ ❞❛ ▼❡❝&♥✐❝❛ ◗✉&♥�✐❝❛✳ ❉✐✈❡��♦� ♣♦�❡♥❝✐❛✐� ❡❢❡�✐✲

✈♦� ❝❧���✐❝♦� ♣❛�❛ ♦ ��❛�❛♠❡♥�♦ ❞❛� ✐♥�❡�❛�	❡� ♠♦❧❡❝✉❧❛�❡� ❢♦�❛♠ ❞❡�❡♥✈♦❧✈✐❞♦� ❡

❛♣❧✐❝❛❞♦� ❝♦♠ �✉❝❡��♦ ♥❡��❛ ��❡❛✳ ❉❡♥��❡ ♦� ❝❛♠♣♦� ❞❡ ❢♦��❛ ❜❡♠ ❡��❛❜❡❧❡❝✐❞♦�

✉�❛❞♦� ♣❛�❛ ❜✐♦♠♦❧�❝✉❧❛� ❡♠ ❣❡�❛❧ ✭�❛❝❛�$❞❡♦�✱ ♣❡♣�$❞❡♦�✱ ♣�♦�❡$♥❛� ❡ �❝✐❞♦� ♥✉❝❧�✐✲

❝♦�✮✱ ❞❡��❛❝❛♠✲�❡ ❖)▲❙ ❬✼✹✱ ✼✺❪✱ ❈❍❆❘▼▼ ❬✼✻✱ ✼✼❪✱ ❆▼❇❊❘ ❬✼✽✕✽✵❪ ❡ ●❘❖▼❖❙

❬✽✶❪✳ ❯♠ ❝❛♠♣♦ ❞❡ ❢♦��❛ ♠✉✐�♦ ✉�✐❧✐③❛❞♦ ♣❛�❛ �✐��❡♠❛� ♣♦❧✐♠��✐❝♦� � ♦ ❈❖▼)❆❙❙

❬✽✷✱ ✽✸❪✳ )❛�❛ ♠❛�❡�✐❛✐� ✐♥♦�❣&♥✐❝♦�✱ ��♦ �❡❢❡�?♥❝✐❛ ♦� ❝❛♠♣♦� ❞❡ ❢♦��❛ ❯♥✐✈❡��❛❧

✭❯❋❋✮ ❬✽✹❪ ❡ ❉�❡✐❞✐♥❣ ❬✽✺❪✳

❊♠ ❣❡�❛❧✱ ♦� ❝❛♠♣♦� ❞❡ ❢♦��❛ ❡♠ ✉�♦ ❛�✉❛❧♠❡♥�❡ ❝♦♠♣	❡♠✲�❡ ❞❡ ❞✉❛� ♣❛��❡�

✭❊�✳ ✷✳✶✵✮✱ ✉♠❛ ❞❡�❝�❡✈❡ ♦� ❣�❛✉� ❞❡ ❧✐❜❡�❞❛❞❡ ✐♥��❛✲♠♦❧❡❝✉❧❛�❡� ✭♣♦�❡♥❝✐❛✐� ❵❧✐✲

❣❛❞♦�✬ ♦✉ ❵❝♦✈❛❧❡♥�❡�✬✮ ❡ ❛ ♦✉��❛ ❞❡�❝�❡✈❡ ❛� ✐♥�❡�❛�	❡� ❡♥��❡ ��♦♠♦� ♥�♦ ❧✐❣❛❞♦�

❝♦✈❛❧❡♥�❡♠❡♥�❡ ✭♣♦�❡♥❝✐❛✐� ❵♥�♦ ❧✐❣❛❞♦�✬✮✳

V = V ligado + V não−ligado ✭✷✳✶✵✮

❆ ♣❛��❡ ❞♦ ♣♦�❡♥❝✐❛❧ ❧✐❣❛❞♦ ❞✐✈✐❞❡✲�❡ ❡♠ �❡�♠♦� ❞❡ ♣♦�❡♥❝✐❛✐� ❞❡ ❡��✐�❛♠❡♥�♦ ❞❡

❧✐❣❛��♦✱ ❞❡❢♦�♠❛��♦ ❛♥❣✉❧❛� ❡ �♦���♦ ❞❡ &♥❣✉❧♦ ❞✐❡❞�❛❧✿

V ligado =
∑

l

V L
l +

∑

a

V A
a +

∑

d

V D
d . ✭✷✳✶✶✮

❊♠ ❝♦♥❞✐�	❡� �❡❧❛�✐✈❛♠❡♥�❡ ❜�❛♥❞❛� ✭❣❡�❛❧♠❡♥�❡ ❡♠♣�❡❣❛❞❛� ♥❛ �✐♠✉❧❛�	❡� ❞❡

❉▼✮✱ ❡♠ �✉❡ ♥�♦ ♦❝♦��❡♠ ❢♦�♠❛�	❡� ❡ �♦♠♣✐♠❡♥�♦� ❞❡ ❧✐❣❛�	❡�✱ ♦ ♣♦�❡♥❝✐❛❧ ❞❡

❡��✐�❛♠❡♥�♦ ❞❛� ❧✐❣❛�	❡� ❝♦✈❛❧❡♥�❡� ❡♠ ♠♦❧�❝✉❧❛� ❝♦♠✉♥� ♣♦❞❡ �❡� ❛♣�♦①✐♠❛❞♦ ❛

✉♠ ♣♦�❡♥❝✐❛❧ ❤❛�♠%♥✐❝♦

Vl(r) =
KL

l

2
(r − r0,l)

2, ✭✷✳✶✷✮
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❡♠ �✉❡ r � ❛ ❞✐	
�♥❝✐❛ ❡♥
�❡ ❞♦✐	 ♥�❝❧❡♦	✳ KL
l ❡ r0,l 	�♦ ❛ ❝♦♥	
❛♥
❡ ❞❡ ❢♦��❛

❞♦ ♦	❝✐❧❛❞♦� ❤❛�♠�♥✐❝♦ ❡ ❛ ❞✐	
�♥❝✐❛ ❞❡ ❡�✉✐❧�❜�✐♦✱ �❡	♣❡❝
✐✈❛♠❡♥
❡✳ ❆♣❡♥❛	 ❝♦♠

✐	
♦✱ ♣♦❞❡♠♦	 ❞❡	❝�❡✈❡� ✉♠❛ ♠♦❧�❝✉❧❛ ❞✐❛
�♠✐❝❛ ❝♦♠♦ ♦ ♠♦♥�①✐❞♦ ❞❡ ❝❛�❜♦♥♦ ♥♦

✈ ❝✉♦✳ ■	
♦ �✱ 	�♦ ❞♦✐	  
♦♠♦	✱ ✉♠ ❝♦♠ ♠❛		❛ ✶✷ ❡ ♦✉
�♦ ❝♦♠ ♠❛		❛ ✶✻ ✉✳❛✳✱

✐♥
❡�❛❣✐♥❞♦ ❛
�❛✈�	 ❞❡ ✉♠ ♣♦
❡♥❝✐❛❧ ❤❛�♠�♥✐❝♦ �✉❡ 
❡♠ ✉♠ r0,co ❝♦��❡	♣♦♥❞❡♥
❡

& ❞✐	
�♥❝✐❛ �
✐♠❛ ❞❛ ❧✐❣❛��♦ ❈✲❖ ❡ ✉♠❛ ❝♦♥	
❛♥
❡ ❞❡ ❢♦��❛ KL
co✳ ❆ ❞✐	
�♥❝✐❛ ❞❡

❡�✉✐❧�❜�✐♦ ❡ ❛ ❝♦♥	
❛♥
❡ ❞❡ ❢♦��❛ ♣♦❞❡♠ 	❡� ♦❜
✐❞❛	✱ ♣♦� ❡①❡♠♣❧♦✱ ❛ ♣❛�
✐� ❞❡ ✉♠

❡	♣❡❝
�♦ ✈✐❜�❛❝✐♦♥❛❧✱ ♦✉ ✉	❛♥❞♦ ❝ ❧❝✉❧♦	 ❞❡ ❡	
�✉
✉�❛ ❡❧❡
��♥✐❝❛✳

❆ ❞❡❢♦�♠❛��♦ ❞❡ �♥❣✉❧♦	 ❞❡ 	❡✉	 ✈❛❧♦�❡	 ❞❡ ❡�✉✐❧�❜�✐♦ 
❛♠❜�♠ 	�♦ ❢�❡�✉❡♥
❡✲

♠❡♥
❡ ❞❡	❝�✐
❛	 ✉	❛♥❞♦ ✉♠ ♣♦
❡♥❝✐❛❧ ❤❛�♠�♥✐❝♦✱ ❝❛�❛❝
❡�✐③❛❞♦ ♣♦� ✉♠❛ ❝♦♥	
❛♥
❡

❞❡ ❢♦��❛ ❡ ♣♦� ✉♠❛ ❣❡♦♠❡
�✐❛ ❞❡ ❡�✉✐❧�❜�✐♦✿

V A
a (θ) =

KA
a

2
(θ − θ0,a)

2. ✭✷✳✶✸✮

❆	 ♠❛✐♦�❡	 ❛❧
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V não−ligado =
∑

i=1

∑

j=i+1

(V LJ(rij) + V C(rij))

V LJ(rkl) = 4ǫkl

[(σkl

rkl

)12

−
(σkl

rkl

)6]

,

ǫkl σkl

αr−12

αr−6

V C(rkl) =
qkql

4πǫ0ǫrrkl

,

qk ql rkl
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2.1.3 Parametrização de um Campo de Força

�❛�❛ ❞❡✜♥✐� ✉♠ ❝❛♠♣♦ ❞❡ ❢♦��❛✱ � ♣�❡❝✐�♦ ❡�♣❡❝✐✜❝❛� ♥�♦ �� ❛ �✉❛ ❢♦�♠❛ ❢✉♥❝✐♦♥❛❧
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l ✱ Kd,n ❡ σk,l✱ ♥❛� ❊�✉❛��❡�

✷✳✶✷✱ ✷✳✶✹ ❡ ✷✳✶✻✮✳ ❊��❛ � ✉♠ �❛�❡❢❛ ❞❡�❛✜❛❞♦�❛ ❡ ✐♠♣♦��❛♥�❡✱ ♣♦✐� ❞❡❧❛ ❞❡♣❡♥❞❡

❛ �✉❛❧✐❞❛❞❡ ❞♦� �❡�✉❧�❛❞♦� ♦❜�✐❞♦� ❛ ♣❛��✐� ❞❛� �✐♠✉❧❛��❡� ♣♦� ❉▼✳ ❆�� ♠❡�♠♦ ❛

✐♥❝❧✉��♦ ❞❡ ❛♣❡♥❛� ❛❧❣✉♥� ♣❛��♠❡��♦� ❛ ✉♠ ❝❛♠♣♦ ❞❡ ❢♦��❛ ❥� ❜❡♠ ❡��❛❜❡❧❡❝✐❞♦
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❡��❛� ✐♥�❡�❛��❡�✳

❖✉��❛ ❢♦�♠❛✱ ❝❛❞❛ ✈❡③ ♠❛✐� ✉�✐❧✐③❛❞❛✱ ❞❡ ❞❡�❡�♠✐♥❛� ♣❛��♠❡��♦� ��♦ ♦� ❝�❧❝✉❧♦�

❛❜ ✐♥�✐♦ ❞❡ ❡���✉�✉�❛ ❡❧❡��4♥✐❝❛✳ ❊��❡ �❡❝✉��♦ � ♣❛��✐❝✉❧❛�♠❡♥�❡ 5�✐❧ ♣❛�❛ ❝❛�♦� ❡♠
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♠✉✐�❛� ✈❡③❡�✱ ❞❡ ♠❛❝�♦♠♦❧�❝✉❧❛� ❜✐♦❧�❣✐❝❛�✱ ❝♦♠♦ ♣�♦�❡,♥❛�✳ ❖ ❝❛♠♣♦ ❞❡ ❢♦��❛
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❯♠❛ ✐♠♣♦��❛♥�❡ ❝❛�❛❝�❡�,��✐❝❛ ❞♦� ❝❛♠♣♦� ❞❡ ❢♦��❛ � ❛ ��❛♥�❢❡�❛❜✐❧✐❞❛❞❡✱ ♦ �✉❡

�✐❣♥✐✜❝❛ �✉❡ ✉♠ ♠❡�♠♦ ❝♦♥❥✉♥�♦ ❞❡ ♣❛��♠❡��♦� ♣♦❞❡ �❡� ✉�✐❧✐③❛❞♦ ♣❛�❛ ♠♦❞❡❧❛�

♠♦❧�❝✉❧❛� �❡❧❛❝✐♦♥❛❞❛�✱ ❛♦ ✐♥✈�� ❞❡ �❡� �✉❡ ❞❡✜♥✐� ✉♠ ♥♦✈♦ ❝♦♥❥✉♥�♦ ❞❡ ♣❛��♠❡��♦�

♣❛�❛ ❝❛❞❛ ♠♦❧�❝✉❧❛ ✐♥❞✐✈✐❞✉❛❧♠❡♥�❡ ❬✻✼❪✳ �❛��♠❡��♦� �❡❧❛❝✐♦♥❛❞♦� ❛ ❣�❛✉� ❞❡ ❧✐✲

❜❡�❞❛❞❡ ❵�,❣✐❞♦�✬ ✭❡��✐�❛♠❡♥�♦ ❞❡ ❧✐❣❛��♦ ❡ ❞❡❢♦�♠❛��♦ ❛♥❣✉❧❛�✮ ✐♥✢✉❡♥❝✐❛♠ ♣♦✉❝♦

♦ ❞❡�❡♠♣❡♥❤♦ ❞❡ ✉♠ ❝❛♠♣♦ ❞❡ ❢♦��❛ ❡ ��♦ ❡�♣❡❝✐❛❧♠❡♥�❡ ��❛♥�❢❡�,✈❡✐�✳ ❚❛♠❜�♠

❛��✉♠❡✲�❡ ❢�❡�✉❡♥�❡♠❡♥�❡ �✉❡ ✉♠ ♠❡�♠♦ ❝♦♥❥✉♥�♦ ❞❡ ♣❛��♠❡��♦� ❞❡ ✈❞❲ ♣♦❞❡

�❡� ✉�❛❞♦ ♣❛�❛ ❛ ♠❛✐♦�✐❛✱ �❡♥�♦ �♦❞♦�✱ ♦� ��♦♠♦� ❞❡ ✉♠ ♠❡�♠♦ ❡❧❡♠❡♥�♦✳ ❏� ❛�

❝❛�❣❛� ❛�4♠✐❝❛� ♣♦❞❡♠ �❡� ❞❡�❡�♠✐♥❛❞❛� ♣♦� ❛❥✉��❡ ❞♦ ♣♦�❡♥❝✐❛❧ ❡❧❡��♦����✐❝♦ ❡ ♦�

♣❛��♠❡��♦� ❞❡ �♦���♦ ��♦ ❝♦♠✉♠❡♥�❡ ♦❜�✐❞♦� ❛��❛✈�� ❞❡ ❝�❧❝✉❧♦� ◗▼ ♣❛�❛ ❞✐❢❡�❡♥✲
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3.1 Cargas Parciais Atômicas
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❞❡ ❛❝♦�❞♦ ❝♦♠ ♦ ❡� ✉❡♠❛ ▼❑✱ ♥♦ ♥/✈❡❧ ❍❋✴✻✲✸✶●✭❞✱♣✮ ❬✶✵✵❪✳ ❆♦� ❤✐❞�♦❣5♥✐♦� ❝♦♥✲

�✐❞❡�❛❞♦�  ✉✐♠✐❝❛♠❡♥�❡ ❡ ✉✐✈❛❧❡♥�❡� ❢♦�❛♠ ❛��✐❜✉/❞❛� ❝❛�❣❛� ✐❣✉❛✐�✱ ❝❛❧❝✉❧❛❞❛� ❛
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❚❛❜❡❧❛ ✸✳✶✳ ❈❛�❣❛� ♣❛�❝✐❛✐� ❛	
♠✐❝❛� ❝❛❧❝✉❧❛❞❛� ♣❛�❛ ❛� ❡�♣�❝✐❡� ❘✲❆❚❈✱ ❙✲❆❚❈

❡ ❍❘✲❆❚❈✳ ❖� �	♦♠♦� ��♦ ✐❞❡♥	✐✜❝❛❞♦� ❞❡ ❛❝♦�❞♦ ❝♦♠ ❛ ❋✐❣✉�❛ ✶✳✺✱ �❡♥❞♦ "✉❡ ♦� �	♦♠♦� ❞❡

❤✐❞�♦❣$♥✐♦ ��♦ ♥✉♠❡�❛❞♦� ❞❡ ❛❝♦�❞♦ ❝♦♠ ♦ �	♦♠♦ ❛♦ "✉❛❧ �❡ ❧✐❣❛♠✳

➪�♦♠♦ ❈❛�❣❛	 ♣❛�❝✐❛✐	 ❛�
♠✐❝❛	

❘✲❆❚❈ ❙✲❆❚❈ ❍❘✲❆❚❈

❈✶ ✵✳✵✷✺✾ ✲✵✳✵✺✼✸ ✲✵✳✵✼✼✾

❈✷ ✲✵✳✷✷✹✻ ✲✵✳✷✶✺✺ ✲✵✳✷✶✸✶

❍✷ ✵✳✷✸✾✹ ✵✳✷✸✾✸ ✵✳✷✺✻✻

❙✸ ✵✳✵✵✷✹ ✵✳✵✵✹✸ ✵✳✵✽✸✷

❈✹ ✲✵✳✻✺✺✻ ✲✵✳✻✾✹✽ ✲✵✳✻✺✶✾

❈✺ ✵✳✺✻✽✸ ✵✳✻✻✽✷ ✵✳✻✻✸✾

❈✻ ✶✳✵✹✻✶ ✶✳✶✶✸✷ ✶✳✵✺✵✽

❖✼ ✲✵✳✸✹✵✾ ✲✵✳✸✺✵✵ ✲✵✳✸✹✻✵

❈✽ ✲✵✳✶✺✹✶ ✲✵✳✶✼✾✼ ✲✵✳✶✹✷✵

❍✽ ✵✳✶✶✹✹ ✵✳✶✶✵✾ ✵✳✶✷✶✸

◆✾ ✲✵✳✻✵✸✸ ✲✵✳✼✷✶✹ ✲✵✳✽✻✶✺

❍✾ ✵✳✸✸✷✼ ✵✳✸✷✻✼ ✵✳✹✷✹✸

❈✶✵ ✵✳✺✽✾✷ ✵✳✻✼✺✵ ✵✳✼✹✸✺

❖✶✶ ✲✵✳✺✾✵✵ ✲✵✳✺✽✺✷ ✲✵✳✺✸✸✽

❈✶✷ ✲✵✳✹✸✼✾ ✲✵✳✷✽✽✸ ✲✵✳✸✶✼✶

❍✶✷ ✵✳✶✹✷✼ ✵✳✶✵✸✺ ✵✳✶✶✺✶

❖✶✸ ✲✵✳✻✻✺✻ ✲✵✳✼✵✺✺ ✲✵✳✻✻✺✻

❈✶✹ ✵✳✹✼✾✶ ✵✳✷✸✾✽ ✵✳✶✼✺✾

❍✶✹ ✲✵✳✵✵✸✺ ✵✳✵✺✵✾ ✵✳✵✽✶✽

◆✶✺ ✲✵✳✾✸✹✽ ✲✵✳✻✺✵✼ ✲✵✳✺✽✾✷

❍✶✺ ✵✳✸✼✽✼ ✵✳✸✺✷✽ ✵✳✸✽✵✸

❈✶✻ ✵✳✷✽✻✸ ✵✳✵✷✸✸ ✵✳✵✻✻✷

❍✶✻ ✲✵✳✵✵✹✻ ✵✳✵✺✵✵ ✵✳✶✵✹✽

❈✶✼ ✵✳✵✼✵✾ ✵✳✶✻✺✶ ✵✳✵✻✺✼

❍✶✼ ✵✳✵✶✼✺ ✲✵✳✵✵✶✺ ✵✳✵✸✶✻

❈✶✽ ✲✵✳✸✹✷✵ ✲✵✳✸✻✻✼ ✲✵✳✸✷✹✾

❍✶✽ ✵✳✵✽✶✽ ✵✳✵✽✼✵ ✵✳✶✵✻✹

❈✶✾ ✲✵✳✸✽✺✹ ✲✵✳✸✾✼✻ ✲✵✳✹✵✹✾

❍✶✾ ✵✳✵✾✷✶ ✵✳✶✵✺✸ ✵✳✶✺✶✸

♣❛��✐� ❞❛ ♠�❞✐❛ ❛�✐�✐♠��✐❝❛ ❡♥��❡ �❡✉� ✈❛❧♦�❡�✳ ❆♥❛❧✐�❛♥❞♦ ❛ ❚❛❜❡❧❛ ✸✳✶✱ ✈❡�✐✜❝❛✲�❡

�✉❡ ❛� ❝❛�❣❛� ♦❜�✐❞❛� ♣❛�❛ ❛� ���� ♠♦❧�❝✉❧❛� ��♠ ✈❛❧♦�❡� ❜❡♠ ♣❛�❡❝✐❞♦� ♥❛ ♠❛✐♦�✐❛

❞♦� ��♦♠♦�✳ ❈♦♠♣❛�❛♥❞♦ ♦� ❡��❡�❡♦✐��♠❡�♦�✱ ♦❜�❡�✈❛✲�❡ �✉❡ ❛� ❞✐❢❡�❡♥!❛� ♣❛��❛♠

❛ �♦�♥❛�✲�❡ ♠❛✐♦�❡� " ♠❡❞✐❞❛ ❡♠ �✉❡ �❡ ❛♣�♦①✐♠❛ ♦ ❝❡♥��♦ ❛��✐♠���✐❝♦✱ ❝♦♥�❡�✉�♥✲

❝✐❛ ❞❛ ❝♦♥❢♦�♠❛!$♦ ❡ ❛��❛♥❥♦ ❡�♣❛❝✐❛❧ ❞✐��✐♥�♦� ✭❋✐❣✉�❛ ✸✳✶✮✳ ❏� �✉❛♥❞♦ �❡ ❢❛③ ❛

❝♦♠♣❛�❛!$♦ ❡♥��❡ ❘✲❆❚❈ ❡ ❍❘✲❆❚❈✱ ❧❡✈❛✲�❡ ❡♠ ❝♦♥�❛✱ ❢✉♥❞❛♠❡♥�❛❧♠❡♥�❡✱ �✉❡ ❛

♣�❡�❡♥!❛ ❞❡ ✉♠ ♣�-�♦♥ ❡♠ ❡①❝❡��♦ ❡♠ ❍❘✲❆❚❈ ❛❧�❡�❛ ❛ ❞✐���✐❜✉✐!$♦ ❡❧❡���♥✐❝❛ ❡

❛ ❝♦♥❢♦�♠❛!$♦ ❞♦ ❡��❛❞♦ ❢✉♥❞❛♠❡♥�❛❧✳
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❉❡✈✐❞♦ � ❡�♣❡❝✐✜❝✐❞❛❞❡ ❞❛ ❝♦♥✜❣✉�❛��♦ ♠♦❧❡❝✉❧❛�✱ ❡♥❝♦♥��❛� ♣❛��♠❡��♦� ❡♠ ✉♠

❝❛♠♣♦ ❞❡ ❢♦��❛ ♣❛�❛ ❝❛�❛❝�❡�✐③❛� ❛� �♦���❡� ❞❡ ✉♠❛ ♠♦❧�❝✉❧❛ ❛�❜✐����✐❛ � ♠❛✐�

❞✐❢�❝✐❧ ❞♦ �✉❡ ♣❛�❛ ❛� ❞✐���♥❝✐❛� ❡ �♥❣✉❧♦� ❡♥��❡ ❧✐❣❛��❡�✳ ❊♥��❡�❛♥�♦✱ ✉♠❛ ❜♦❛

❞❡�❝�✐��♦ ❞❛� �♦���❡� � ❢✉♥❞❛♠❡♥�❛❧ ♣❛�❛ ❛� ♣�♦♣�✐❡❞❛❞❡� ❝♦♥❢♦�♠❛❝✐♦♥❛✐� ❞❡ ♠♦✲

❧�❝✉❧❛� ✢❡①�✈❡✐� ❬✶✵✶❪✳

❖� ♣❛��♠❡��♦� ❞❛ ❘✲❆❚❈ ♣❛�❛ ❛� �♦�❛��❡� �♦��✐♦♥❛✐� ✐♥❞✐❝❛❞❛� ♥❛ ❋✐❣✉�❛ ✸✳✸

✭♣❛��❡ ■✱ � ❡��✉❡�❞❛✮ ❢♦�❛♠ ❞❡�❡�♠✐♥❛❞♦� ❛ ♣❛��✐� ❞❛� ❡♥❡�❣✐❛� ♦❜�✐❞❛� ❞❡ ✈❛��❡✲

❞✉�❛� ❞❡ ❡♥❡�❣✐❛ ❝♦♠ ❛ �♦�❛��♦ ❞✐❡❞�❛❧✱ ♥♦ ♥�✈❡❧ ❞❡ �❡♦�✐❛ ❇✸▲❨6✴✻✲✸✶✶●✭❞✱♣✮✳

❊♥��♦✱ ♣❛�❛ ❤✐♣♦���✐❝♦� ��♦♠♦� ❵✶✲✷✲✸✲✹✬✱ ❝♦♠♣♦♥❡♥�❡� ❞❛ ❆❚❈✱ ❛ ✈❛��❡❞✉�❛ ❞❡

❡♥❡�❣✐❛ ❢♦✐ ❢❡✐�❛ ❡♠ ❢✉♥��♦ ❞❛ �♦�❛��♦ ❞❡ ✸✻✵ ❣�❛✉� ❛♦ �❡❞♦� ❞♦� ��♦♠♦� ✷✲✸✳ ❈❛❞❛

✈❛��❡❞✉�❛ ❝♦♥�✐��❡ ❡♠ ✉♠❛ ���✐❡ ❞❡ �❡❧❛①❛��❡� ❡���✉�✉�❛✐�✱ ❡♠ �✉❡ �♦♠❡♥�❡ ♦ �♥❣✉❧♦

❡♠ ❡��✉❞♦ � ♠❛♥�✐❞♦ ✜①♦✳ ❆ ✈❛��❡❞✉�❛ �❛♠❜�♠ ❢♦✐ ❢❡✐�❛ ❝❧❛��✐❝❛♠❡♥�❡✱ ✉�❛♥❞♦ �♦✲

❞♦� ♦� �❡�♠♦� ❞♦ ❝❛♠♣♦ ❞❡ ❢♦��❛✱ ❡①❝❡�♦ ♦ �❡�♠♦ ❞♦ ♣♦�❡♥❝✐❛❧ ❞❡ �♦���♦ ❞♦ �♥❣✉❧♦

❡♠ �✉❡���♦✱ ♦ �✉❛❧ ❞❡�❡❥❛✲�❡ ❞❡�❡�♠✐♥❛�✳ ❖ �❡�✉❧�❛❞♦ ❞❛ �✉❜��❛��♦ ❞❛� ❞✉❛� ❝✉�✲

✈❛�✱ ✉♠❛ ♦❜�✐❞❛ �✉❛♥�✐❝❛♠❡♥�❡ ❡ ❛ ♦✉��❛ ❝❧❛��✐❝❛♠❡♥�❡✱ ♣♦❞❡ �❡� ❛❥✉��❛❞❛ � ❢♦�♠❛

❝❧���✐❝❛ ❞♦ ♣♦�❡♥❝✐❛❧ ❞❡ �♦���♦ ❞✐❡❞�❛❧ ✭❊�✉❛��♦ ✷✳✶✹✮✳ ❖� ✈❛❧♦�❡� ❞♦� ♣❛��♠❡��♦�

❞✐❡❞�❛✐� Kd,n✱ χd,n ❡ n �❡�✉❧�❛♠ ❞❡��❡ ❛❥✉��❡ ♥�♦✲❧✐♥❡❛�✳

❚❡♦�✐❝❛♠❡♥�❡✱ ♥�♦ ❤� ❧✐♠✐�❡ ♣❛�❛ ♦ ♥@♠❡�♦ ❞❡ �❡�♠♦� ✉�❛❞♦� ♥❡��❛ ���✐❡✱ ♠❛�✱

♥❛ ♣���✐❝❛✱ ❛ �♦♠❛ � ❢�❡�✉❡♥�❡♠❡♥�❡ ��✉♥❝❛❞❛ ❡♠ n = 3✳ ❖ ♣�✐♥❝�♣✐♦ � ♥�♦ ✉�❛�

♠❛✐� �❡�♠♦� ❞♦ �✉❡ ♦ ♥❡❝❡����✐♦ ♣❛�❛ ✉♠❛ ❜♦❛ ❞❡�❝�✐��♦ ❞❛ ❝✉�✈❛ ❞❡ ❡♥❡�❣✐❛

♣♦�❡♥❝✐❛❧✳ ❆❧�♠ ❞✐��♦✱ ♦ �♥❣✉❧♦ ❞❡ ❢❛�❡ φj,n � �✐♣✐❝❛♠❡♥�❡ �❡���✐�♦ ❛ ✵o ♦✉ ✶✽✵o

♥♦ ❝❛♠♣♦ ❞❡ ❢♦��❛ ❈❍❆❘▼▼✳ ■��♦ ♣�❡�❡�✈❛ ❛ �✐♠❡��✐❛ ❞❛ ❝✉�✈❛ ❛♦ �❡❞♦� ❞❡ χ❂✵✱

♦ �✉❡ ❛��❡❣✉�❛ �✉❡ ❛ ♠♦❧�❝✉❧❛ ❡ �✉❛ ✐♠❛❣❡♠ ❡�♣❡❝✉❧❛� �❡♥❤❛♠ ❛ ♠❡�♠❛ ❡♥❡�❣✐❛

❞✐❡❞�❛❧ ♣❛�❛ ♠❡�♠♦� Kd,n ❡ φd,n✳

❱✐�❛♥❞♦ ❞✐♠✐♥✉✐� ♦ ❝✉��♦ ❞❛ ✈❛��❡❞✉�❛ ◗▼✱ ❛ ♠♦❧�❝✉❧❛ ❢♦✐ �❡❞❡�❡♥❤❛❞❛ ❡❧✐♠✐✲

♥❛♥❞♦ ❛� ♣♦���❡� �✉❡ ♣♦✉❝♦ ✐♥✢✉❡♥❝✐❛♠ ♥❛� ✐♥�❡�❛��❡� ❡❧❡��G♥✐❝❛� ❡♥��❡ ♦� ��♦♠♦�

�✉❡ �❡♣�❡�❡♥�❛♠ ❡��❛ �♦���♦✳ ❆��✐♠✱ ♣♦� ❡①❡♠♣❧♦✱ ♣❛�❛ ♦ ❝�❧❝✉❧♦ ❞♦ ❞✐�❞�♦ ❚✶✱ ❛
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❛�✉✐ �❡♣♦�	❛❞♦�✳ ❆♣�� ♣�♦❝❡❞❡� ❝♦♠♦ ❞❡�❝�✐	♦✱ ❢♦�❛♠ ❣❡�❛❞❛� ❝❛�❣❛� ♣❛�❝✐❛✐� ❛	�✲

♠✐❝❛� �♦❜ ✐♥✢✉�♥❝✐❛ ❞❡ ✉♠ ♠♦❞❡❧♦ �✉❡ �✐♠✉❧❛ ❛ ♣�❡�❡♥�❛ ❞❡ �❣✉❛ ❝♦♠♦ �♦❧✈❡♥	❡

❡ ♣❛��♠❡	�♦� ❞❡ ❧✐❣❛��❡�✱ �♥❣✉❧♦� ❡ 	♦��✐♦♥❛✐� ✐♥❞❡♣❡♥❞❡♥	❡� ❞❡ ✐♥	❡�❛��❡� ❡♥	�❡

�	♦♠♦� ♥ ♦ ❧✐❣❛❞♦�✳

❆ ♠✐♥✐♠✐③❛� ♦ ❝❧���✐❝❛ ❞❛ ❆❚❈ ✉�❛♥❞♦ ❛� ❊�✉❛��❡� ✷✳✶✵✲✷✳✶✼ ❞❡✈❡ ❣❡�❛� ✉♠❛

❡�	�✉	✉�❛ ♠✉✐	♦ �✐♠✐❧❛� ) ♦❜	✐❞❛ ♣❡❧❛ ♦	✐♠✐③❛� ♦ ❣❡♦♠*	�✐❝❛ �✉�♥	✐❝❛ �✉❡✱ ♣♦� �✉❛

✈❡③✱ ♦�✐❣✐♥♦✉ ♦� ✈❛❧♦�❡� ❞❡ ❝❛�❣❛� ♣❛�❝✐❛✐� ❛	�♠✐❝❛� ✉�❛❞❛� ♥♦ ♠♦❞❡❧♦ ❝❧���✐❝♦✳

❚❛❜❡❧❛ ✸✳✷✳ �❛��♠❡��♦	 ❞♦	 ❞✐�❞�♦	 ❚✶✱ ❚✷ ❡ ❚✸ ♦❜�✐❞♦	 ❛��❛✈�	 ❞♦	 ❛❥✉	�❡	 ❞❛	

❝✉�✈❛	 ❞❡ ♣♦�❡♥❝✐❛❧ ♠♦	��❛❞❛	 ♥❛ ❋✐❣✉�❛ ✸✳✸✳
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�❡�

❞❡ ✈❞❲ ❡♥��❡ *�♦♠♦� �❡♣❛�❛❞♦� ♣♦� ❞✐��+♥❝✐❛� ♠❛✐♦�❡� ❞♦ "✉❡ ❡��❡ �❛✐♦ ♥$♦ �$♦

❝❛❧❝✉❧❛❞❛�✳ ❆� ❢♦�
❛� ❞❡ ❈♦✉❧♦♠❜ ❢♦�❛♠ ��❛�❛❞❛� ♣♦� �♦♠❛� ❞❡ ❊✇❛❧❞✳ ❆� �✐♠✉❧❛
�❡�

❢♦�❛♠ ❣❡�❛❞❛� ♥♦ ❡♥�❡♠❜❧❡ NPT ✱ ❝♦♠ ♣❛��♦ ❞❡ �❡♠♣♦ ❞❡ ✷ ❢� ❡ ❛♣❧✐❝❛
$♦ ❞♦ ❛❧❣♦�✐�♠♦

❞❡ ♣❛��♦� ❞❡ �❡♠♣♦ ♠0❧�✐♣❧♦� ❘❊❙3❆ ❬✶✵✹❪✳ ❆� ♠♦❧�❝✉❧❛� ❞❡ *❣✉❛ ♣❡�♠❛♥❡❝❡�❛♠

❝♦♠♣❧❡�❛♠❡♥�❡ �5❣✐❞❛� ❡ �♦❞❛� ❛� ❧✐❣❛
�❡� ✐♥❝❧✉✐♥❞♦ *�♦♠♦ ❞❡ ❤✐❞�♦❣7♥✐♦ �✐✈❡�❛♠

�❡✉� ❝♦♠♣�✐♠❡♥�♦� ♠❛♥�✐❞♦� ✜①♦� ❛♦ ✈❛❧♦� ❞❡�❡�♠✐♥❛❞♦ ♥♦ ❛�"✉✐✈♦ ❞❡ ♣❛�+♠❡��♦�✳

3❛�❛ ✐��♦✱ ❢♦✐ ❡♠♣�❡❣❛❞♦ ♦ ❛❧❣♦�✐�♠♦ ❙❍❆❑❊ ❬✶✵✺❪✳ 3❛�❛ ❛ ✈✐�✉❛❧✐③❛
$♦ ❞♦� �✐��❡♠❛�

♠♦❧❡❝✉❧❛�❡� ❢♦✐ ♦ ✉�✐❧✐③❛❞♦ ♦ ♣�♦❣�❛♠❛ ❱▼❉ ❬✶✵✻❪✱ ♣❛�❛ ❛ ❡❞✐
$♦ ❞❛� ✜❣✉�❛�✱ ♦�

♣�♦❣�❛♠❛� ■♥❦�❝❛♣❡ ❬✶✵✼❪✱ ●✐♠♣ ❬✶✵✽❪ ❡ ❱▼❉ ❡✱ ✜♥❛❧♠❡♥�❡✱ ♣❛�❛ ❛ ❡❞✐
$♦ ❞♦� ❣�*✜❝♦�

✉�✐❧✐③♦✉✲�❡ ♦ ♣�♦❣�❛♠❛ ●�❛❝❡ ❬✶✵✾❪✳

❚❛❜❡❧❛ ✸✳✸✳ ❇�❡✈❡ ❞❡�❝�✐
$♦ ❞❛� �✐♠✉❧❛
�❡� ❢❡✐�❛� ♥❡��❡ ��❛❜❛❧❤♦✳ ❆❚❈ ❝♦��❡�♣♦♥❞❡

❛♦ ♥0♠❡�♦ ❞❡ ♠♦❧�❝✉❧❛� ❞❡ ❛��✐❝❛5♥❛ ♣�❡�❡♥�❡� ♥♦ �✐��❡♠❛ ❡ �✐♣♦ ❡��❡�❡♦✐�♦♠��✐❝♦ ✭❘ ♦✉ ❙✮✳ NW

�❡❢❡�❡✲�❡ ❛♦ ♥0♠❡�♦ ❞❡ ♠♦❧�❝✉❧❛� ❞❡ *❣✉❛ ♣�❡�❡♥�❡�✳ ❆� �✐♠✉❧❛
�❡� ❛♥❛❧✐�❛❞❛� �❡♠ ❞✉�❛
$♦ ❞❡

�❡♠♣♦ ❞❛❞❛ ❡♠ ♥�✳ Nsim � ♦ ♥0♠❡�♦ ❞❡ �✐♠✉❧❛
�❡�✳

❙✐��❡♠❛ ❆❚❈ ◆W ◆sim ❚❡♠♣♦ ✭♥�✮

❘❆❚❈ ✶❘ ✶✶✵✵ ✶ ✷

❙❆❚❈ ✶❙ ✶✶✵✵ ✶ ✷

❍❘❆❚❈a ✶❘ ✶✶✵✵ ✶ ✷

a��❡�❡♥�❛ ❞❡ ✉♠ �♥✐♦♥ ❝❧♦�♦ ♣❛�❛ ♠❛♥�❡� ❛ ♥❡✉��❛❧✐❞❛❞❡ �♦�❛❧✳

❆� ❡���✉�✉�❛� ❞❛ ❆❚❈ ❡①��❛�❞❛� ❞❛� ��❛❥❡���✐❛� ❞♦� �✐��❡♠❛� ❘❆❚❈✱ ❙❆❚❈ ❡

❍❘❆❚❈ ✭❚❛❜❡❧❛ ✸✳✸✮ ❢♦�❛♠ �♦❜�❡♣♦��❛� # ❡���✉�✉�❛ ❞❡ �❡❢❡�$♥❝✐❛ ♦�✐♠✐③❛❞❛ '✉❛♥✲

�✐❝❛♠❡♥�❡ ✭❋✐❣✉�❛ ✸✳✺❛✮✳ ❆� ♣♦�✐,-❡� ❞♦� .�♦♠♦� ❞❛� ❡���✉�✉�❛� ♥❡✉��❛� ✈❛�✐❛♠

♥❛� ♣�♦①✐♠✐❞❛❞❡� ❞❛ ❡���✉�✉�❛ ❞❡ �❡❢❡�$♥❝✐❛✱ ♣�✐♥❝✐♣❛❧♠❡♥�❡ ♦� .�♦♠♦� ❝♦♥��✐�✉✐♥✲

�❡� ❞❛ ❡①��❡♠✐❞❛❞❡ ❞❛ ❆❚❈ ✭.�♦♠♦� ✶✻✲✶✽ ♥❛ ❋✐❣✉�❛ ✶✳✺✮✱ ♦ '✉❡ ❡�❛ ❡�♣❡�❛❞♦ ♣❛�❛

✉♠❛ ♣♦�,2♦ ♠♦❧❡❝✉❧❛� ✢❡①�✈❡❧✱ �❡♠ �❡��♦♥4♥❝✐❛ ❡❧❡��5♥✐❝❛ ❡ ❢♦�♠❛❞❛ ♣♦� ❧✐❣❛,-❡�

�✐♠♣❧❡�✳ ❏. ♦ �❡�✉❧�❛❞♦ ♣❛�❛ ❡���✉�✉�❛ ♣�♦�♦♥❛❞❛ ❞❡✈❡ �❡� ♦❜�❡�✈❛❞♦ ❝♦♠ ♠❛✐♦�

❝❛✉�❡❧❛✳ 7❛�❛ ✐��♦✱ �❛♠❜8♠ ❢♦�❛♠ ❢❡✐�❛� ❛� �♦❜�❡♣♦�✐,-❡� ❛❧✐♥❤❛♥❞♦ ♦ ❛♥❡❧ ❛�♦✲

♠.�✐❝♦ ❞❛ ❆❚❈ ✭❋✐❣✉�❛ ✸✳✺❜✮ ❡✱ ❡♥�2♦✱ ♣♦❞❡✲�❡ ♦❜�❡�✈❛� ❝❧❛�❛♠❡♥�❡ '✉❡ ❛ ❆❚❈

♣�♦�♦♥❛❞❛ ❡♠ ♠❡✐♦ ❛'✉♦�♦ ❛♣�❡�❡♥�❛ ❝♦♥❢♦�♠❛,-❡� �✐❣♥✐✜❝❛�✐✈❛♠❡♥�❡ ❞✐��✐♥�❛� ❞❛

❡���✉�✉�❛ ❞❡ �❡❢❡�$♥❝✐❛✳ ❋♦✐ ❢❡✐�❛ ♦✉��❛ ♦�✐♠✐③❛,2♦ ❣❡♦♠8��✐❝❛ ♣❛��✐♥❞♦ ❞❛ ;❧�✐♠❛
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❡���✉�✉�❛ ❞❛ ❆❚❈ ♣�♦�♦♥❛❞❛ ♦❜�✐❞❛ ♥❛ ❞✐♥�♠✐❝❛✱ ♠❛� ♦ �❡�✉❧�❛❞♦ ❢♦✐ ✉♠❛ ❡���✉✲

�✉�❛ ♠✉✐�♦ �✐♠✐❧❛� � ♦❜�✐❞❛ ♣�❡✈✐❛♠❡♥�❡✳ ❙✉❣❡�❡✲�❡ �✉❡ ❛ ♠✉❞❛♥�❛ ❝♦♥❢♦�♠❛❝✐♦♥❛❧

❡♠ �❣✉❛ ♦❝♦��❛ ❞❡ ♠♦❞♦ ❛ ❡��❛❜✐❧✐③❛� ✉♠ ♠❛✐♦� ♠♦♠❡♥�♦ ❞✐♣♦❧❛� ❞❛ ❆❚❈ ❡ ❛�

✐♥�❡�❛� ❡� ❡�♣❡❝!✜❝❛� ❝♦♠ ❛ �❣✉❛✳

❆�✉❛❧♠❡♥�❡✱ # ❢�❡�✉❡♥�❡ ❛ ♣�❡♦❝✉♣❛�$♦ ❝♦♠ ♣♦��!✈❡✐� ❡❢❡✐�♦� ❞✐��✐♥�♦� ❞❛� ❢♦�✲

♠❛� ❡♥❛♥�✐♦♠#�✐❝❛� ❞❡ ❢��♠❛❝♦� ♥♦ ♦�❣❛♥✐�♠♦✳ ◆❛ ��❡❛ ❞❡ ❛♥❡��❡�✐❛✱ ♥$♦ �❛�♦✱

❡①✐��❡♠ ❞✐❢❡�❡♥�❛� ✐♠♣♦��❛♥�❡� ❡♥��❡ ♦� ✐�'♠❡�♦� ❘ ❡ ❙ �✉❛♥�♦ � ❛�✐✈✐❞❛❞❡ ❡ ❢❛�✲

♠❛❝♦❝✐♥#�✐❝❛✳ ❯♠ ❡①❡♠♣❧♦ ♠✉✐�♦ ❝✐�❛❞♦ # ❞♦ ❛♥❡��#�✐❝♦ ❣❡�❛❧ ❝❡�❛♠✐♥❛✳ ❖ ✐�'♠❡�♦

❙✭✰✮✲❝❡�❛♠✐♥❛ ❝❛✉�❛ ❡❢❡✐�♦� ❛❞✈❡��♦� ♠❛✐� ❧❡✈❡�✱ ❞❡ ❛❣✐�❛�$♦ ❡ ❝♦♥❢✉�$♦ ♠❡♥�❛❧✱

❛❧#♠ ❞❡ ♠❡❧❤♦� ❛♥❛❧❣❡�✐❛ ❞♦ �✉❡ �❡✉ ❡♥❛♥�✐'♠❡�♦ ❬✶✶✵❪✳ 3♦� ✐��♦✱ ✉�✐❧✐③❛✲�❡ ❢♦�♠✉✲

❧❛� ❡� �✉❡ �❡♥❞❛♠ ❛ ✶✵✵✪ ❞❡ ❡①❝❡��♦ ❡♥❛♥�✐♦♠#�✐❝♦ ❞♦ ✐�'♠❡�♦ ❙✱ ❧❡✈5❣✐�♦✳ ❊♠

�✉❛�❡ ❛ �♦�❛❧✐❞❛❞❡ ❞♦� ❝❛�♦�✱ ✐♥�❡�♣�❡�❛✲�❡ ♦� ❡❢❡✐�♦� ❡��❡�❡♦❡�♣❡❝!✜❝♦� ❞❡ ❞�♦❣❛�

�✉✐�❛✐� ♣❡❧❛ ❛✜♥✐❞❛❞❡ ❡��❡�❡♦�❡❧❡�✐✈❛ ❝♦♠ ♣�♦�❡!♥❛� ❢✉♥❝✐♦♥❛✐�✳ ❯♠ ��❛❜❛❧❤♦ �✉❡

❢✉❣✐✉ ❛ ❡��❛ �❡♥❞7♥❝✐❛ # ♦ ❞❡ ▼✐③♦❣❛♠✐ ❡ ❝♦❧❛❜♦�❛❞♦�❡� ❬✶✶✶❪✱ �✉❡ ♣❡��✉✐�♦✉ ✐♥✲

❞!❝✐♦� ❞❡ ❡��❡�❡♦�❡❧❡�✐✈✐❞❛❞❡ ♥❛ ✐♥�❡�❛�$♦ ❞♦� ❡♥❛♥�✐'♠❡�♦� ❞❛ ❜✉♣✐✈❛❝❛!♥❛ ❝♦♠

♠❡♠❜�❛♥❛� ❢♦�❢♦❧✐♣!❞✐❝❛�✱ ❛��❛✈#� ❞❡ ♠❡❞✐❞❛� ❞❡ ❡�♣❡❝��♦�❝♦♣✐❛ ❞❡ ✢✉♦�❡�❝7♥❝✐❛

❋✐❣✉�❛ ✸✳✺✳ ❛✮ ❙♦❜�❡♣♦	✐��♦ ❞❡ ❡	��✉�✉�❛	 ❞❡ ❆❚❈ ❣❡�❛❞❛	 ♥❛	 	✐♠✉❧❛��❡	 ❞♦	 	✐	✲

�❡♠❛	 ❘❆❚❈✱ ❙❆❚❈ ❡ ❍❘❆❚❈ ✭��❛�♦	 ❝♦❧♦�✐❞♦	✮ � ❣❡�❛❞❛ ♣❡❧❛ ♦�✐♠✐③❛��♦ ❣❡♦♠ ��✐❝❛ !✉"♥�✐❝❛

✭��❛�♦	 ❡♠ ❝✐♥③❛✮❀ ❜✮ ■❞❡♠ ❛♦ %�❡♠ a✱ ♠❛	 ❝♦♠ ♦ ❛❧✐♥❤❛♠❡♥�♦ ❞♦ ❛♥❡❧ ❛�♦♠'�✐❝♦✳ ◆❡	�❡ ❝❛	♦✱ ❛	

❝♦�❡	 �❡❢❡�❡♠✲	❡ � ❡✈♦❧✉��♦ ❞❛	 ❝♦♥❢♦�♠❛��❡	 ❞❛	 ♠♦❧ ❝✉❧❛	 ♥♦ �❡♠♣♦✳
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❡ ❞❡ ❝�♦♠❛�♦❣�❛✜❛ ❧�
✉✐❞❛ ❞❡ ❛❧�❛ ♣❡�❢♦�♠❛♥❝❡✳ ❏� �❡ �❛❜❡ 
✉❡ ♦ ✐��♠❡�♦ ❙✭✲✮✲

❜✉♣✐✈❛❝❛�♥❛ ❛♣�❡�❡♥�❛ ✈❛♥�❛❣❡♥� ❢❛�♠❛❝♦�♦①✐❝♦❧�❣✐❝❛� �♦❜�❡ �❡✉ ❛♥��♣♦❞♦ �♣�✐❝♦ ❡

�❛❝❡♠❛�♦✳ ▼✐③♦❣❛♠✐ ✈❡�✐✜❝♦✉ 
✉❡ ♦� ✐��♠❡�♦� ❙✭✲✮✲ ❡ ❘✭✰✮✲❜✉♣✐✈❛❝❛✐♥❛ ♣�♦❞✉③✐❛♠

❡❢❡✐�♦� ♠✉✐�♦ �✐♠✐❧❛�❡� ❞❡ ❞❡�♦�❣❛♥✐③❛$%♦ ❡ ❛❜❛✐①❛♠❡♥�♦ ❞❛ �❡♠♣❡�❛�✉�❛ ❞❡ ��❛♥�✐✲

$%♦ ❞❡ ❢❛�❡� ❞❡ ♠❡♠❜�❛♥❛� ❉''❈ ❡ 
✉❡ ✐♥�❡�❛$)❡� ❡��❡�❡♦❡�♣❡❝�✜❝❛� �� ♣❛��❛�❛♠

❛ �❡� ♥♦��✈❡✐� * ♠❡❞✐❞❛ ❡♠ 
✉❡ �❡ ✐♥❝♦�♣♦�❛✈❛ ❝♦❧❡��❡�♦❧ * ♠❡♠❜�❛♥❛ ❬✶✶✶❪✳

'❛�❛ ❝♦♥❤❡❝❡� ✉♠ ♣♦✉❝♦ ❞♦ ♠♦❞♦ ❝♦♠♦ ♦ ❛��❛♥❥♦ ❡�♣❛❝✐❛❧ ❞♦� ✐��♠❡�♦� ❞❛ ❆❚❈

✐♥✢✉❡♥❝✐❛ ❡♠ �✉❛� ✐♥�❡�❛$)❡� ❝♦♠ ♦ ♠❡✐♦ ✐♥✈❡��✐❣❛♠♦� ❛ ❢✉♥$%♦ ❞❡ ❞✐���✐❜✉✐$%♦ �❛✲

❞✐❛❧ ❞❡ ♣❛�❡�✳ ❊��❛ ❢✉♥$%♦✱ ❣❡�❛❧♠❡♥�❡ ❞❡♥♦�❛❞❛ ❣ij✭�✮✱ ❞❡✜♥❡✲�❡✱ ❜❛�✐❝❛♠❡♥�❡✱

❝♦♠♦ ❛ ♣�♦❜❛❜✐❧✐❞❛❞❡ ❞❡ �❡ ❡♥❝♦♥��❛� ✉♠❛ ♣❛���❝✉❧❛ j ❛ ✉♠❛ ❞✐��5♥❝✐❛ r ❞❡ ✉♠❛

♣❛���❝✉❧❛ i✱ �❡❧❛�✐✈❛♠❡♥�❡ * ♣�♦❜❛❜✐❧✐❞❛❞❡ ❡�♣❡�❛❞❛ ♣❛�❛ ✉♠❛ ❞✐���✐❜✉✐$%♦ ❤♦♠♦✲

❣6♥❡❛✱ ♥❛ ♠❡�♠❛ ❞❡♥�✐❞❛❞❡ ❬✶✶✷❪✳ ◆❛ ♣���✐❝❛✱ ❛ ❢✉♥$%♦ 9 ❝♦♠♣✉�❛❞❛ ❛��❛✈9� ❞❛

�❛③%♦ ❡♥��❡ ♦ ♥:♠❡�♦ ◆j ❞❡ ♣❛���❝✉❧❛� j ❡♠ ✉♠❛ ❝❛�❝❛ ❡�❢9�✐❝❛ ❞❡ �❛✐♦ ✐♥�❡�♥♦ r

❡ ❡①�❡�♥♦ r + ∆r✱ ❝♦♠ ♦�✐❣❡♠ ❡♠ i✱ ❡ ❛ 
✉❛♥�✐❞❛❞❡ ❡�♣❡�❛❞❛ ❞❡ ���✐♦� j �❡ ❡��❡�

❢♦��❡♠ ❞✐���✐❜✉�❞♦� ✉♥✐❢♦�♠❡♠❡♥�❡✱ ❝♦♠♦ ✉♠ ❣�� ✐❞❡❛❧✿

gij(r) =
〈Nj(r + ∆r)〉

4πρjr2∆r
, ✭✸✳✶✮

❡♠ 
✉❡ ρj 9 ❛ ❞❡♥�✐❞❛❞❡ ❞❡ ���✐♦� j ♥♦ �✐��❡♠❛✳ ❊♠ �✐♠✉❧❛$)❡� ❞❡ ❉▼✱ ♦❜�6♠✲�❡

♦ ♣❡�✜❧ ❞❛ ❢✉♥$%♦ ❣ij✭�✮ ❛��❛✈9� ❞❛ ♠9❞✐❛ �♦❜�❡ �♦❞❛� ❛� ♣❛���❝✉❧❛� i ❡ j ❡ �♦❜�❡

�♦❞♦ ♦ ✐♥�❡�✈❛❧♦ ❞❡ �✐♠✉❧❛$%♦✳ ❆❧�❡�❛$)❡� ♥❛ ❞❡♥�✐❞❛❞❡ ❧♦❝❛❧ ♥❛� ✈✐③✐♥❤❛♥$❛� ❞❛�

♠♦❧9❝✉❧❛� ❞❡ �❡❢❡�6♥❝✐❛ ❣❡�❛♠ ✈❛❧♦�❡� ❞❡ gi,j ❞✐❢❡�❡♥�❡� ❞❡ ✶✱ ✈❛❧♦� ♣❛�❛ ♦ 
✉❛❧ �❡♥❞❡

❛ ❢✉♥$%♦ ❡♠ ❞✐��5♥❝✐❛� ❣�❛♥❞❡�✳

❋♦�❛♠ ��❛$❛❞❛� ❛� ❝✉�✈❛� ❞❡ ❢✉♥$%♦ ❞❡ ❞✐���✐❜✉✐$%♦ ❞❡ ♣❛�❡� ❡♥��❡ ���✐♦� �❡✲
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Caṕıtulo 4

Dinâmica Molecular de

Articáına em Membranas

POPC

4.1 Descrição das Simulações
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 ❝♦♠♦ ❆✻✹✱ ❆✻✽

❡ ❆✼✸ ❡ ❝♦♠ ❛ ❆❚❈ ♥❛ ❢♦�♠❛ ♣�♦	♦♥❛❞❛✱ ❍❆✻✹✱ ❡♠ �✉❡ ♦
 ✈❛❧♦�❡
 ♥✉♠��✐❝♦


❝♦��❡
♣♦♥❞❡♠ ❛♦
 �❡
♣❡❝	✐✈♦
 ✈❛❧♦�❡
 ❞❡ ��❡❛ ♣♦� ❧✐♣�❞✐♦ ✜①❛❞♦
✳ ❖
 
✐
	❡♠❛


❝♦♥
	✐	✉❡♠✲
❡ ❞❡ ✉♠❛ ♠♦❧�❝✉❧❛ ❞❡ ❛�	✐❝❛�♥❛✱ ❝❡�❝❛ ❞❡ ✹✺✽✵ ♠♦❧�❝✉❧❛
 ❞❡ �❣✉❛

❡ ✉♠❛ ❜✐❝❛♠❛❞❛ ❢♦�♠❛❞❛ ♣♦� ✶✷✻ ❧✐♣�❞✐♦
 �❖�❈✱ ♣��✲❡�✉✐❧✐❜�❛❞❛ ♣♦� ❚✐❡❧❡♠❛♥

✭❤		♣✿✴✴♠♦♦
❡✳❜✐♦✳✉❝❛❧❣❛�②✳❝❛✮✳ ❆ ❋✐❣✉�❛ ✹✳✶ ♠♦
	�❛ ❛
 ❞✐♠❡♥
�❡
 ❞❡ ✉♠❛ ❝❛✐①❛

❞❡ 
✐♠✉❧❛�#♦ ❞❡ ✉♠ 
✐
	❡♠❛ ❝♦♠♣♦
	♦ ♣♦� ✉♠❛ ❜✐❝❛♠❛❞❛ ❞❡ �❖�❈ ✭��❡❛ ♠�❞✐❛
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♣♦� ❧✐♣�❞✐♦ ❞❡ ✻✹ Å2✮ ❡♠ 
❣✉❛✳ ▼❛✐� ❞❡�❛❧❤❡� ❞❛� �✐♠✉❧❛��❡� ��♦ ❛♣�❡�❡♥�❛❞♦� ♥❛

❚❛❜❡❧❛ ✹✳✶✳ ❆� ❝♦♥❞✐��❡� ❞❡�❝✐�❛� ♥❛ ❝❛✐①❛ ❞❡ �❡①�♦ ❞❛ ❙❡��♦ ✸✳✸✳

❚❛❜❡❧❛ ✹✳✶✳ ❇�❡✈❡ ❞❡�❝�✐	
♦ ❞❛� �✐♠✉❧❛	�❡� ❢❡✐�❛� ♥❡��❡ ��❛❜❛❧❤♦✳ ❆❚❈ ❝♦��❡�♣♦♥❞❡

❛♦ ♥�♠❡�♦ ❞❡ ♠♦❧�❝✉❧❛� ❞❡ ❛��✐❝❛�♥❛ ♣�❡�❡♥�❡� ♥♦ �✐��❡♠❛ ❡ �✐♣♦ ❡��❡�❡♦✐�♦♠��✐❝♦ ✭❘ ♦✉ ❙✮✳ NW

❡ NPOPC �❡❢❡�❡♠✲�❡✱ �❡�♣❡❝�✐✈❛♠❡♥�❡✱ ❛♦ ♥�♠❡�♦ ❞❡ ♠♦❧�❝✉❧❛� ❞❡ $❣✉❛ ❡ ❞❡ &❖&❈ ♣�❡�❡♥�❡�✳ ❆

$�❡❛ ♣♦� ❧✐♣�❞✐♦ � ❞❛❞❛ ❡♠ Å2 ♣♦� ❧✐♣�❞✐♦ ❡ ❛� �✐♠✉❧❛	�❡� ❛♥❛❧✐�❛❞❛� �❡♠ ❞✉�❛	
♦ ❞❡ �❡♠♣♦ ❞❛❞❛

❡♠ ♥�✳ Nsim � ♦ ♥�♠❡�♦ ❞❡ �✐♠✉❧❛	�❡� ❢❡✐�❛� ❝♦♠ ♦ �✐��❡♠❛ ❡♠ ❞✐❢❡�❡♥�❡� ❝♦♥✜❣✉�❛	�❡� ✐♥✐❝✐❛✐�✳

❙✐��❡♠❛ ❆❚❈ ◆W ◆POPC Å2✴❧✐♣ ◆sim ❚❡♠♣♦ ✭♥�✮

❆✻✹ ✶❘ ✹✺✽✵ ✶✷✻ ✻✹ ✺ ✶✵✲✷✵

❆✻✽ ✶❘ ✹✺✽✻ ✶✷✻ ✻✽ ✸ ✶✵✲✷✵

❆✼✸ ✶❘ ✹✺✽✻ ✶✷✻ ✼✸ ✶ ✶✵

❍❆✻✹a ✶❘ ✹✺✽✻ ✶✷✻ ✻✹ ✹ ✶✵✲✷✵
a◆❡��❡ �✐��❡♠❛ ❡��$ ♣�❡�❡♥�❡ ✉♠ *♥✐♦♥ ❝❧♦�♦ ♣❛�❛ ♠❛♥�❡� ❛ ♥❡✉��❛❧✐❞❛❞❡ �♦�❛❧✳

❆ ❡
❝♦❧❤❛ ❞♦ ❡♥
❡♠❜❧❡

◆❛� �✐♠✉❧❛��❡� ❞❡ ❜✐❝❛♠❛❞❛� ❢♦�❢♦❧✐♣�❞✐❝❛�✱ 0 ❝♦♥❤❡❝✐❞♦ ♦ ❢❛�♦ ❞❡ 1✉❡ ❛ ❝♦♠✲

❜✐♥❛��♦ ❞♦ ❝❛♠♣♦ ❞❡ ❢♦��❛ ❈❍❆❘▼▼ ❝♦♠ ♦ ❡♥�❡♠❜❧❡ NPT ❣❡�❛ ✈❛❧♦�❡� ♠✉✐�♦

❜❛✐①♦� ❞❡ 
�❡❛ �✉♣❡�✐✜❝✐❛❧ ❡ ♣�♦♣�✐❡❞❛❞❡� ��♣✐❝❛� ❞❛ ❢❛�❡ ❣❡❧ ❬✶✶✽❪✳ ❊♥��♦✱ ❞❡ ♠♦❞♦

❛ ♠✐♠❡�✐③❛� ♦ ❡��❛❞♦ ✢✉✐❞♦✱ ❜✐♦❧♦❣✐❝❛♠❡♥�❡ �❡❧❡✈❛♥�❡✱ ♠✉✐�❛� �✐♠✉❧❛��❡� ❞❡ ♠❡♠✲

❜�❛♥❛� ♠♦❞❡❧♦ �9♠ �✐❞♦ ❡❢❡�✉❛❞❛� ❝♦♠ ❛ ❛♣❧✐❝❛��♦ ❞❡ ✉♠❛ �❡♥��♦ �✉♣❡�✜❝✐❛❧ γ

♣♦�✐�✐✈❛ ✭❡♥�❡♠❜❧❡ NPγT ✮✳

❆� ❜✐❝❛♠❛❞❛� 1✉❡ ��♦ ❡��✉❞❛❞❛� ❡①♣❡�✐♠❡♥�❛❧♠❡♥�❡ ��♦ ❝❛♣❛③❡� ❞❡ ❛❥✉��❛� ❛


�❡❛ ♣♦� ❧✐♣�❞✐♦ ❞❡ ♠♦❞♦ ❛ ❛�✐♥❣✐� ✉♠ ♠�♥✐♠♦ ❞❡ ❡♥❡�❣✐❛ ❧✐✈�❡ ❡✱ ❛��✐♠✱

(δG/δA)A=Aeq
= γ = 0.

❊♥��❡�❛♥�♦✱ ❛�❣✉♠❡♥�❛✲�❡ 1✉❡ ❛� ❝♦♥❞✐��❡� ♣❡�✐;❞✐❝❛� ❞❡ ❝♦♥�♦�♥♦ ❧✐♠✐�❛♠ ❛� ♦♥✲

❞✉❧❛��❡� ❞❛ ❜✐❝❛♠❛❞❛ ❡✱ ❛��✐♠✱ ❞✐❢❡�❡♥�❡ ❞❡ ❜✐❝❛♠❛❞❛� ♠❛❝�♦�❝;♣✐❝❛�✱ ❛ �❡♥��♦

�✉♣❡�✜❝✐❛❧ ❞❡ ✉♠ �❡❣♠❡♥�♦ ♠✐❝�♦�❝;♣✐❝♦ ❞❡ ♠❡♠❜�❛♥❛ ♥�♦ 0 ❝❧❛�❛✳ ❙❡ 0 ♦✉ ♥�♦

❛♣�♦♣�✐❛❞♦ ❛♣❧✐❝❛� ✉♠❛ �❡♥��♦ �✉♣❡�✜❝✐❛❧ ❡♠ �✐♠✉❧❛��❡� ❞❡ ♠❡♠❜�❛♥❛� ❛✐♥❞❛ 0

✉♠❛ 1✉❡���♦ ❛✐♥❞❛ ❡♠ ❛❜❡��♦✳ ◆;� ❡♥�❡♥❞❡♠♦� 1✉❡ ❛ ❡�❝♦❧❤❛ ❞♦ ❡♥�❡♠❜❧❡ ❞❡✈❛

�❡� ❢❡✐�❛ ❝♦♠ ❜❛�❡ ♥❛ �❡♥�❛�✐✈❛ ❞❡ �❡♣�♦❞✉③✐� ❛� ♣�♦♣�✐❡❞❛❞❡� ❞❛ ❜✐❝❛♠❛❞❛ ❡♠ ❢❛�❡

✢✉✐❞❛✳ ❆ ❛✈❛❧✐❛��♦ ❞♦ ✈♦❧✉♠❡ ♣♦� ❧✐♣�❞✐♦✱ ❞♦� ♣❡�✜� ❞❡ ♣❛�<♠❡��♦ ❞❡ ♦�❞❡♠ ❡ ❞❡
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❋✐❣✉�❛ ✹✳✶✳ ❈❛✐①❛ ❞❡ �✐♠✉❧❛��♦ ❝♦♥�❡♥❞♦ ✶✷✻ ♠♦❧�❝✉❧❛� ❞❡ �❖�❈ ❡ ✹✻✵✵ ❞❡ �❣✉❛✳ ❆

�❣✉❛ ❡��� �❡♣�❡�❡♥�❛❞❛ ❡♠ ❛③✉❧ ❡ ♦� ❢♦�❢♦❧✐♣!❞✐♦�✱ ❡♠ ✈❡�❞❡✲♦❧✐✈❛✳ ❯♠❛ ♠♦❧�❝✉❧❛ ❞❡ �❣✉❛ ❡ ♦✉��❛

❞❡ �❖�❈ ❢♦�❛♠ ❝♦❧♦❝❛❞❛� ❡♠ ❡✈✐❞&♥❝✐❛✱ ❝♦♠ �♦❞♦� ♦� ��♦♠♦� '✉❡ ❛� ❝♦♥��✐�✉❡♠ ❡①♣❧!❝✐�♦�✳ ❆�

❞✐♠❡♥�(❡� ❞❛ ❝❛✐①❛ ❡���♦ ✐♥❞✐❝❛❞❛�✱ ❛��✐♠ ❝♦♠♦ ❛ ��❡❛ ♠�❞✐❛ ♣♦� ❧✐♣!❞✐♦✳

❞❡♥�✐❞❛❞❡ ❡❧❡�	
♥✐❝❛ ♣❛	❛ ❛ ♠❡♠❜	❛♥❛ ❞❡ ❞✐♣❛❧♠✐�♦✐❧✲❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛ ♠♦��	❛✱ ❝❧❛✲

	❛♠❡♥�❡✱ �✉❡ ♦ ❈❍❆❘▼▼ ❝✉♠♣	❡ ♠✉✐�♦ ♠❡❧❤♦	 ❡��❡ 	❡�✉✐�✐�♦ �✉❛♥❞♦ ❝♦♠❜✐♥❛❞♦

❛♦ ❡♥�❡♠❜❧❡ NPγT ❞♦ �✉❡ ❛♦ NPT ✱ ❡♠ �✉❡ ❡♠♣	❡❣❛✲�❡ ✉♠ �❡♥�♦	 ❞❡ ♣	❡���♦

✐�♦�	�♣✐❝♦ ✭❛ �❡♥��♦ �✉♣❡	✜❝✐❛❧  ♥✉❧❛✮ ❬✶✶✾❪✳

❯♠❛ ❛❧�❡	♥❛�✐✈❛ ❛ ❛♣❧✐❝❛	 �❡♥��♦ �✉♣❡	✜❝✐❛❧  ✜①❛	 ❛ ✈❛	✐*✈❡❧ ❝♦♥❥✉❣❛❞❛✱ ♦✉

�❡❥❛✱ ❛ *	❡❛ �✉♣❡	✜❝✐❛❧ ❞❛ ♠❡♠❜	❛♥❛✳ ❍* ❞♦✐� ❛	❣✉♠❡♥�♦� ♣	✐♥❝✐♣❛✐� ❛ ❢❛✈♦	 ❞❡

♦♣�❛	 ♣♦	 ❡��❛ ,❧�✐♠❛✳ ❖ ♣	✐♠❡✐	♦ ❞❡❧❡�  �✉❡ ❛ ❡�✉✐❧✐❜	❛.�♦ ❞♦ �✐��❡♠❛  ♠✉✐�♦

♠❛✐� 	*♣✐❞❛ ♥♦ ❡♥�❡♠❜❧❡ NPzAT ❞♦ �✉❡ ♥♦ NPγT ✱ ❢❛�♦ ❝♦♥��❛�❛❞♦ ♥❡��❡ �	❛❜❛✲

❧❤♦ ❡ ❥* ❞✐�❝✉�✐❞♦ ♣	❡✈✐❛♠❡♥�❡ ♥❛ 	❡❢❡	/♥❝✐❛ ❬✶✶✹❪ ♣❛	❛ ♦ �✐��❡♠❛ ❝♦♥��✐�✉1❞♦ ❞❡

α✲❤ ❧✐❝❡� ❡♠ ❜✐❝❛♠❛❞❛�✳ ❖ ♦✉�	♦ ❛	❣✉♠❡♥�♦  �✉❡ ♦ ❝*❧❝✉❧♦ ❞♦ ✈✐	✐❛❧ �♦	♥❛✲�❡

❝♦♠♣❧✐❝❛❞♦ ♣❡❧❛ ♣	❡�❡♥.❛ ❞❡ ❢♦	.❛� ❡①�❡	♥❛� ✭❡♠♣	❡❣❛❞❛� ♥❛� �✐♠✉❧❛.2❡� ❞❡ ❝❛✲

♠✐♥❤♦ ✐♥❞✉③✐❞♦ 	❡❛❧✐③❛❞❛� ♥❡��❡ �	❛❜❛❧❤♦✮✱ 	❡�✉❧�❛♥❞♦ ❡♠ ✉♠ 	*♣✐❞♦ ❛✉♠❡♥�♦ ♥❛

*	❡❛ �✉♣❡	✜❝✐❛❧ ♣♦	 ❧✐♣1❞✐♦✳ ❊��❛  ✉♠❛ ❞✐✜❝✉❧❞❛❞❡ ❝♦♥❤❡❝✐❞❛ ❡♠ �✐♠✉❧❛.2❡� ❝♦♠

�❡♥��♦ �✉♣❡	✜❝✐❛❧ ❝♦♥��❛♥�❡ ❬✶✷✵❪✳ ❈♦♥�✐❞❡	❛♥❞♦ ❡��❡� ❞♦✐� ♣♦♥�♦�✱ ♦♣�♦✉✲�❡ ♣♦	

✉�✐❧✐③❛	 ♦ ❡♥�❡♠❜❧❡ NPzAT �❛♥�♦ ❡♠ �✐♠✉❧❛.2❡� ❞❡ ❡�✉✐❧1❜	✐♦ �✉❛♥�♦ ♥❛ ❞✐♥7♠✐❝❛
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♠♦❧❡❝✉❧❛� ❞❡ ❝❛♠✐♥❤♦ ✐♥❞✉③✐❞♦✳

4.2 Resultados

❊♠ ❝✐♥❝♦ ❞❛� ♦✐�♦ �✐♠✉❧❛��❡� ❞❡ �✐��❡♠❛� ❞❡ ❆❚❈ ♥❡✉��❛ ❡♠ �❖�❈ ✭�✐��❡♠❛�

❆✻✹✱ ❆✻✽ ❡ ❆✼✸✮✱ ❢♦✐ ♣♦��#✈❡❧ ♦❜�❡�✈❛� ❛ ❞✐❢✉�&♦ ❞♦ ❢'�♠❛❝♦ ♣❛�❛ ❛♦ ✐♥�❡�✐♦� ❞❛

♠❡♠❜�❛♥❛✳ ❆ ❋✐❣✉�❛ ✹✳✷✱ ♠♦���❛ ❛ ��❛❥❡�,�✐❛ ❞♦ ❝❡♥��♦ ❞❡ ♠❛��❛ ❞❛ ❆❚❈ ❛♦

❧♦♥❣♦ ❞♦ ❡✐①♦ z✱ ♥♦�♠❛❧ . ✐♥�❡�❢❛❝❡✱ ♣❛�❛ ❛� �✐♠✉❧❛��❡� ❡♠ /✉❡ ❢♦✐ ♦❜�❡�✈❛❞❛ ❛

♣❡♥❡��❛�&♦ ❞♦ ❝♦♠♣♦��♦ ♥❛ ❜✐❝❛♠❛❞❛✳ ◆♦ �✐��❡♠❛ ❆✻✹✱ ❛ ❞✐❢✉�&♦ ♦❝♦��❡✉ ❡♠ ��1�

❞❛� �✐♠✉❧❛��❡�✱ /✉❡ �&♦ ✐❞❡♥�✐✜❝❛❞❛� ❝♦♠♦ ❆✻✹✲✶✱ ❆✻✹✲✷ ❡ ❆✻✹✲✸✳ ❊♠ ❛�5 ✷✷ ♥�

❞❡ �✐♠✉❧❛�&♦✱ ❡♠ ♥❡♥❤✉♠ ❞♦� �✐��❡♠❛� ♦❝♦��❡✉ ❞✐❢✉�&♦ ❞❛ ❆❚❈ ❞❡ ✈♦❧�❛ ❛♦ ♠❡✐♦

❛/✉♦�♦✱ �❛♠♣♦✉❝♦ ❤♦✉✈❡ ❡✈❡♥�♦� ❞❡ ��❛♥�❢❡�1♥❝✐❛ ❞❛ ❆❚❈ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❧✐♣#❞✐❝❛

. ♦✉��❛ ♣♦� ✈✐❛ ❤✐❞�♦❢,❜✐❝❛✳ ❆ �✐♠✉❧❛�&♦ ❆✻✹✲✸ ❢♦✐ ♣�♦❧♦♥❣❛❞❛ ❛ ✸✺ ♥� ❡✱ ❛✐♥❞❛

❛��✐♠✱ ❡��❡� ❡✈❡♥�♦� ♥&♦ ♦❝♦��❡�❛♠✳ ➱ ❜❡♠ ❡✈✐❞❡♥�❡ ♥❛ ❋✐❣✉�❛ ✹✳✷ /✉❡ ❛ ❆❚❈ �❡♥❞❡

❛ ♣❡�♠❛♥❡❝❡� ❡♠ ✉♠❛ ♠❡�♠❛ �❡❣✐&♦ �❡❧❛�✐✈❛ ❛♦ ❡✐①♦ ♣❡�♣❡♥❞✐❝✉❧❛� . �✉♣❡�❢#❝✐❡ ❞❛

♠❡♠❜�❛♥❛✱ ❝♦♠✉♠ ♥❡��❛� �✐♠✉❧❛��❡�✳ ❚�❛❜❛❧❤♦� ❞❡ ❉▼ ❝♦♠ ♦✉��♦� ❛♥❡��5�✐❝♦�

❧♦❝❛✐� ❡✈✐❞❡♥❝✐❛♠ ❛ ❞✐❢✉�&♦ ❡♥��❡ ♠♦♥♦❝❛♠❛❞❛� ❡♠ ✐♥�❡�✈❛❧♦� ❞❡ �❡♠♣♦ ♠❛✐♦�❡�

❡✴♦✉ /✉❛♥❞♦ ❡��&♦ ♣�❡�❡♥�❡� ♠✉✐�❛� ♠♦❧5❝✉❧❛� ❞♦ ❢'�♠❛❝♦ ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛

❬✺✺✱ ✶✷✶❪✱ ♦ /✉❡ ❛✉♠❡♥�❛ ❛ ♣�♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦��1♥❝✐❛ ❞♦ ❡✈❡♥�♦ ❡✱ ❛✐♥❞❛✱ ❛ ✢✉✐❞❡③

❡ ♣❡�♠❡❛❜✐❧✐❞❛❞❡ ❞❛ ♠❡♠❜�❛♥❛ ❬✹✹❪✳

◆❛� �✐♠✉❧❛��❡� ❡♠ /✉❡ ❛ ❆❚❈ ❡��❛✈❛ ❡♠ �❡✉ ❡��❛❞♦ ♣�♦�♦♥❛❞♦✱ ♥&♦ ❤♦✉✈❡

❞✐❢✉�&♦ ❞❛ ♠♦❧5❝✉❧❛ ♣❛�❛ ♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛✱ ❡♠ ❛�5 ✷✷ ♥� ❞❡ �✐♠✉❧❛�&♦✳

❆ ♣❛��✐� ❞❛ >❧�✐♠❛ ❝♦♥✜❣✉�❛�&♦ ♦❜�✐❞❛ ❡♠ ❆✻✹✲✸✱ ❛ ❆❚❈ ♥❡✉��❛ ♥♦ ✐♥�❡�✐♦� ❞❛

♠❡♠❜�❛♥❛ ❢♦✐ ✬♠❛♥✉❛❧♠❡♥�❡✬ ♣�♦�♦♥❛❞❛✳ ❊♠ ❍❆✻✹ ✭❋✐❣✉�❛ ✹✳✷✮✱ ✈❡�✐✜❝❛✲�❡ /✉❡ ❛

❡�♣5❝✐❡ ♣�♦�♦♥❛❞❛ ♣❡�♠❛♥❝❡ ♥♦ ❧✐♠✐❛� ✐♥�❡�❢❛❝✐❛❧✱ ❡♠ ✉♠❛ �❡❣✐&♦ ♠❛✐� ❡①�❡�✐♦� ❞❛

♠❡♠❜�❛♥❛ ❞♦ /✉❡ ❛ ❆❚❈ ♥❡✉��❛✳

❖� �❡�✉❧�❛❞♦� ❞❡�❝�✐�♦� ❛ �❡❣✉✐� ❢♦�❛♠ ❣❡�❛❞♦� ❛ ♣❛��✐� ❞♦� ✻ >❧�✐♠♦� ♥❛♥♦��❡✲

❣✉♥❞♦� ❞❛� �✐♠✉❧❛��❡� ❡ �❡❢❡�❡♠✲�❡ ❛ ❛♥'❧✐�❡� ❞❡ ♣�♦♣�✐❡❞❛❞❡� ❞❛ ❆❚❈ ✭♥❛ ❢♦�♠❛

♥❡✉��❛ ♦✉ ♣�♦�♦♥❛❞❛✮ ❡♠ �✉❛ ♣♦�✐�&♦ ❞❡ ❡/✉✐❧#❜�✐♦ ♥❛ ❜✐❝❛♠❛❞❛✳

❆ ♦�❞❡♠ ❞♦ �✐��❡♠❛ ♣♦❞❡ �❡� ❛✈❛❧✐❛❞❛ ❛��❛✈5� ❞♦ ♣❡�✜❧ ❞❡ ❞❡♥�✐❞❛❞❡ ❡❧❡��A♥✐❝❛

✭�❉❊✮✱ ✉♠ �❡❝✉��♦ ♠✉✐�♦ ✉�✐❧✐③❛❞♦ ♥❛ ❞❡�❝�✐�&♦ ❞❛ ♦�❣❛♥✐③❛�&♦ ❡���✉�✉�❛❧ ❞❡ �✐�✲

�❡♠❛� ♠❡♠❜�❛♥❛�❡� ❡ /✉❡ ♣♦❞❡ �❡� ♦❜�✐❞♦ ♣♦� ❡①♣❡�✐♠❡♥�♦� ❞❡ ❞✐❢�❛�&♦ ❞❡ �❛✐♦�✲❳

❡ ❞❡ ♥1✉��♦♥� ❬✶✷✷❪✳ ●❡�❛❧♠❡♥�❡✱ ❝❛❧❝✉❧❛✲�❡ ♦ �❉❊ ❡♠ ❢✉♥�&♦ ❞♦ ❡✐①♦ z ✭♣❡�♣❡♥✲
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❋✐❣✉�❛ ✹✳✷✳ ❚�❛❥❡���✐❛ ♥♦ ❡✐①♦ ③ ✭♣❡�♣❡♥❞✐❝✉❧❛� � �✉♣❡�❢�❝✐❡ ❞❛ ❜✐❝❛♠❛❞❛✮ ❞♦ ❝❡♥��♦

❞❡ ♠❛��❛ ❞❛ ❆❚❈ ❡♠ �❡❧❛��♦ � ♣♦�✐��♦ ♠�❞✐❛ ❞♦� ��♦♠♦� ❞❡ ❢��❢♦�♦ ❞❛� ❝❛❜❡�❛� ❢♦�❢♦❧✐♣�❞✐❝❛�✱

�❡♣�❡�❡♥�❞♦� ♣♦� ❝��❝✉❧♦� ❡♠ ♠❛��♦♠✳ ❖� �✐��❡♠❛� ❝♦��❡�♣♦♥❞❡♥�❡� �� ��❛❥❡���✐❛� ��♦ ✐❞❡♥�✐✜❝❛❞♦�

♥❛ ❧❡❣❡♥❞❛✳ ❊♠ ��&� ❞❛� �✐♠✉❧❛�'❡� ❞♦ �✐��❡♠❛ ❆✻✹✱ ❤♦✉✈❡ ❞✐❢✉��♦ ❞❛ ❆❚❈ ♣❛�❛ ♦ ✐♥�❡�✐♦� ❞❛

♠❡♠❜�❛♥❛ ✭❆✻✹✲✶✱ ❆✻✹✲✷ ❡ ❆✻✹✲✸✮✳

❞✐❝✉❧❛� � 	✉♣❡�❢
❝✐❡ ❞❛ ❜✐❝❛♠❛❞❛✮✱ ❝♦♠ ❛ ♦�✐❣❡♠ ❞♦ ❡✐①♦ ❧♦❝❛❧✐③❛❞❛ ♥♦ ❝❡♥��♦ ❞❛

❜✐❝❛♠❛❞❛✱ ❝♦♥❢♦�♠❡ ❡	�✉❡♠❛�✐③❛❞♦ ♥♦ �♦♣♦ ❞❛ ❋✐❣✉�❛ ✹✳✸✳ ❇❛	✐❝❛♠❡♥�❡✱ ❛ ❛♥�❧✐	❡

❝♦♥	✐	�❡ ❡♠ ❝❛❧❝✉❧❛� ❛ ♠�❞✐❛ ♥♦ �❡♠♣♦ ❞❛ ❞❡♥	✐❞❛❞❡ ❡❧❡�� ♥✐❝❛ ❡♠ ♣❡�✉❡♥❛	 ❢❛�✐❛	

❞❡ ✈♦❧✉♠❡ ♥♦ ❡✐①♦ z✱ ❛		✉♠✐♥❞♦ �✉❡ ❡♠ ❝❛❞❛ ��♦♠♦ ❝♦♥❝❡♥��❛✲	❡ ♦ ♥#♠❡�♦ ❞❡

❡❧���♦♥	 ✐❣✉❛❧ ❛♦ ♥#♠❡�♦ ❛� ♠✐❝♦ ❞♦ ❡❧❡♠❡♥�♦ �✉
♠✐❝♦ ❝♦��❡	♣♦♥❞❡♥�❡✳

❖ %❉❊ ❞♦	 	✐	�❡♠❛	 ❝♦♠ ❆❚❈ ♥❡✉��❛ � ❛♣�❡	❡♥�❛❞♦ ♥❛ ❋✐❣✉�❛ ✹✳✸✳ ❙,♦ ♠♦	✲

��❛❞❛	 ❛♣❡♥❛	 ❝✉�✈❛	 ❞❡ 	✐	�❡♠❛	 ❡♠ �✉❡ ❤♦✉✈❡ ❞✐❢✉	,♦ ❞❛ ❆❚❈ ♣❛�❛ ♦ ✐♥�❡�✐♦�

❞❛ ❜✐❝❛♠❛❞❛✳ ❈♦♠♦ ♣❛�❛ ♦ 	✐	�❡♠❛ ❆✻✹ ✐		♦ ♦❝♦��❡✉ ❡♠ ��/	 ❞❛	 ❝✐♥❝♦ 	✐♠✉❧❛01❡	

❣❡�❛❞❛	✱ 	,♦ ♠♦	��❛❞❛	 ❛	 ❝✉�✈❛	 ♣❛�❛ ❆❚❈ ❞❡	�❡	 ��/	 ❝❛	♦	✳

❖❜	❡�✈❛✲	❡ ♥❛ ❋✐❣✉�❛ ✹✳✸ �✉❡✱ �✉❛♥�♦ ♠❛✐♦� ❛ ��❡❛ ❧❛�❡�❛❧ ✜①❛❞❛✱ ♠❡♥♦� ♦

❝♦♠♣�✐♠❡♥�♦ ❞❛ ❝❛✐①❛ ❞❡ 	✐♠✉❧❛0,♦ ♥♦ ❡✐①♦ z ❡ ♠❛✐♦� ❛ ❞❡♥	✐❞❛❞❡ ❡❧❡�� ♥✐❝❛ ♣♦�

	❡❝0,♦ ✈♦❧✉♠���✐❝❛ ♥❡	�❡ ❡✐①♦✳ ❊	�❛ �❡❧❛0,♦ ❡♥��❡ ❛	 ❞✐♠❡♥	1❡	 ❞❛ ❝❛✐①❛ ❞❡ 	✐♠✉✲

❧❛0,♦ ♠♦	��❛ ❝♦♠♦ ♦ 	✐	�❡♠❛ 	❡ ❛❥✉	�❛ ❞❡ ♠♦❞♦ ❛ ♠❛♥�❡� ❛ ❞❡♥	✐❞❛❞❡ �♦�❛❧ ❞❛
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❋✐❣✉�❛ ✹✳✸✳ �❡�✜❧ ❞❡ ❞❡♥�✐❞❛❞❡ ❡❧❡���♥✐❝❛ ❞♦� �✐��❡♠❛� ❆✻✹ ✭❧✐♥❤❛� ❝♦♥��♥✉❛�✮✱ ❆✻✽

✭❧✐♥❤❛� ��❛❝❡❥❛❞❛�✮ ❡ ❆✼✸ ✭❧✐♥❤❛� ♣♦♥�✐❧❤❛❞❛�✮ ♥❛� �✐♠✉❧❛��❡� ❡♠  ✉❡ ♦❝♦��❡✉ ❛ ❞✐❢✉�"♦ ❞❛ ❆❚❈

♣❛�❛ ♦ ✐♥�❡�✐♦� ♠❡♠❜�❛♥❛�✳ ❆� ❝✉�✈❛� ❝♦��❡�♣♦♥❞❡♥�❡� ( ❆❚❈ ❢♦�❛♠ ❛✉♠❡♥�❛❞❛� ❡♠ ✷✹ ✈❡③❡�

♣❛�❛ ❢❛❝✐❧✐�❛� ❛ ✈✐�✉❛❧✐③❛�"♦✳ ◆♦ �♦♣♦ ❞❛ ❋✐❣✉�❛ ❡� ✉❡♠❛�✐③❛✲�❡ ❛ ♣♦�✐�"♦ ❞♦ ❡✐①♦ z ♥❛ ♠❡♠❜�❛♥❛✱

❞❡✜♥✐♥❞♦ ❛ ♦�✐❣❡♠ ❞♦ ♠❡�♠♦ ♥♦ ❝❡♥��♦ ❞❛ ❜✐❝❛♠❛❞❛✳

♠✐��✉�❛✳ ❆� ❞✐���✐❜✉✐�
❡� ❞❡ ♣♦�✐�
❡� ❞❛ ❆❚❈ ♥❡✉��❛ ❛♦ ❧♦♥❣♦ ❞❛� �✐♠✉❧❛�
❡� ��♦

♠✉✐�♦ �✐♠✐❧❛�❡� ♣❛�❛ ♦� ❞✐❢❡�❡♥�❡� �✐��❡♠❛� ❡ ✈❡�✐✜❝❛✲�❡ �✉❡ ❡❧❛ ❧♦❝❛❧✐③❛✲�❡ ♣�❡❢❡✲

�❡♥❝✐❛❧♠❡♥�❡ ♥❛ ✐♥�❡�❢❛❝❡ �❣✉❛✴♠❡♠❜�❛♥❛✱ ♣�!①✐♠❛ #� ❝❛❜❡�❛� ♣♦❧❛�❡� ❞❡ $❖$❈✳

▼❡�♠♦ ❛ ❝✉�✈❛ ❞❛ ❆❚❈ �✉❡ �❡�✐❛ ❞✐❢✉♥❞✐❞♦ ♣❡❧❛ ♦✉��❛ ❢❛❝❡ ❞❛ ♠❡♠❜�❛♥❛ ✭�✐♠✉✲

❧❛��♦ ❆✻✹✲✷✮ ♣♦❞❡�✐❛ �❡� ✐♥✈❡��✐❞❛ ♥♦ ❡✐①♦ z ❡ �❡ �♦❜�❡♣♦�✐❛ ♠✉✐�♦ ❜❡♠ #� ❞❡♠❛✐�✳

❆ ❝✉�✈❛ ❞❡ ❞❡♥�✐❞❛❞❡ ❡❧❡��,♥✐❝❛ ❞❛ ♠♦❧-❝✉❧❛ ❞❡ ❆❚❈ �❡❢❡�❡♥�❡ # �✐♠✉❧❛��♦ ❆✻✹✲✶

❛♣❛�❡❝❡ ❞❡�❧♦❝❛❞❛ ♣❛�❛ ❛ ❞✐�❡✐�❛ ❡♠ �❡❧❛��♦ #� ❞❡♠❛✐�✱ ♠❛� ��❛�❛✲�❡ ❞❛ �✐♠✉❧❛��♦

❡♠ �✉❡ ❛ ❆❚❈ ❞❡♠♦�♦✉ ♠❛✐� �❡♠♣♦ ♣❛�❛ ♣❡♥❡��❛� ❛ ♠❡♠❜�❛♥❛✱ ❞❡ ❛❝♦�❞♦ ❝♦♠ ❛

❋✐❣✉�❛ ✹✳✷✱ �✉❣❡�✐♥❞♦ �✉❡ ❡❧❛ ♥�♦ ❛❧❝❛♥�♦✉ �✉❛ ♣♦�✐��♦ ❞❡ ❡�✉✐❧0❜�✐♦ ♥♦ ✐♥�❡�✐♦� ❞❛

♠❡♠❜❛♥❛ ♥♦ ✐♥�❡�✈❛❧♦ ❞❡ �✐♠✉❧❛��♦ ❛♥❛❧✐�❛❞♦✳ ❊♠❜♦�❛ �❡♥❤❛♠ �✐❞♦ ❡♠♣�❡❣❛❞❛�
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❝♦♥❞✐��❡	 ❞❡ 	✐♠✉❧❛��♦ ❞✐	�✐♥�❛	✱ ❛ ♣♦	✐��♦ ❞♦ ♣✐❝♦ ❞♦ �❉❊ ❞❛ ❧✐❞♦❝❛�♥❛ ❡ ❞❛ ♣�✐✲

❧♦❝❛�♥❛ ♥❡✉��❛	 ❡♠ 	✐	�❡♠❛	 ♠❡♠❜�❛♥❛�❡	 	✐♠✉❧❛❞♦	 ❡♠ ♦✉��♦	 ��❛❜❛❧❤♦	 ❬✺✺✱ ✶✷✶❪

� ♣� ①✐♠❛ ❛♦ ❡♥❝♦♥��❛❞♦ ♣❛�❛ ❛ ❆❚❈✳

❖ ♣❡�✜❧ ❞❡ ❞❡♥	✐❞❛❞❡ ❡❧❡��(♥✐❝❛ ❞❛ ❆❚❈ ♣�♦�♦♥❛❞❛ ♥❛ ♠❡♠❜�❛♥❛ ❝♦♥✜�♠❛ )✉❡

♦ ❢+�♠❛❝♦ ❧♦❝❛❧✐③❛✲	❡ ♠❛✐	 ❡①�❡�♥❛♠❡♥�❡ ♥❛ ♠❡♠❜�❛♥❛ ❡♠ 	✉❛ ❢♦�♠❛ ♣�♦�♦♥❛❞❛ ❞♦

)✉❡ ♥❡✉��❛ ✭❋✐❣✉�❛ ✹✳✹✮✳

❋✐❣✉�❛ ✹✳✹✳ �❡�✜❧ ❞❡ ❞❡♥�✐❞❛❞❡ ❡❧❡���♥✐❝❛ ❞♦� �✐��❡♠❛� ❆✻✹✲✸ ✭❧✐♥❤❛� ❝♦♥��♥✉❛�✮ ❡

❍❆✻✹ ✭❧✐♥❤❛� ��❛❝❡❥❛❞❛�✮✳ ❆� ❝✉�✈❛� ❝♦��❡�♣♦♥❞❡♥�❡� � ❆❚❈ ❢♦�❛♠ ❛✉♠❡♥�❛❞❛� ❡♠ ✷✹ ✈❡③❡� ♣❛�❛

❢❛❝✐❧✐�❛� ❛ ✈✐�✉❛❧✐③❛%&♦✳

❉❛)✉✐ ❡♠ ❞✐❛♥�❡ ❛	 ❛♥+❧✐	❡	 ❞❛ ❆❚❈ ♥❡✉��❛ ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛ ❡	��♦

�❡	��✐�❛	 2	 	✐♠✉❧❛��❡	 ♠❛✐	 ❧♦♥❣❛	 ✭❆✻✹✲✷ ❡ ❆✻✹✲✸✮✱ ❡♠ )✉❡✱ 	✉♣�❡✲	❡✱ ♦ 	✐	�❡♠❛

❡	�+ ❜❡♠ ❡)✉✐❧✐❜�❛❞♦ ♣❛�❛ �❛❧ ❡	�❛❞♦✳ ❆❧�♠ ❞✐		♦✱ ❡	�❡ 	✐	�❡♠❛ ❛♣�❡	❡♥�❛ ✈❛❧♦� ❞❡

+�❡❛ ♣♦� ❧✐♣�❞✐♦ ♠❛✐	 ♣� ①✐♠♦ ❞♦ )✉❡ � ❡♥❝♦♥��❛❞♦ ❡①♣❡�✐♠❡♥�❛❧♠❡♥�❡✳ ❆❝♦♠♣❛✲

♥❤❛♥❞♦ ✈✐	✉❛❧♠❡♥�❡ ❡	�❛	 	✐♠✉❧❛��❡	✱ ✈❡�✐✜❝♦✉✲	❡ )✉❡✱ ♣❡❧♦ ♠❡♥♦	 ♥♦	 6❧�✐♠♦	 ✶✵

♥	✱ ❛ ❆❚❈ ♥❡✉��❛ ❛♣❛�❡❝❡ ♣�❡❞♦♠✐♥❛♥�❡♠❡♥�❡ ♥❛ ❝♦♥❢♦�♠❛��♦ ❡ ♣♦	✐��♦ �❡❧❛�✐✈❛ 2

♠❡♠❜�❛♥❛ ✐❧✉	��❛❞❛ ♥❛ ❋✐❣✉�❛ ✹✳✺ ✭)✉❛❞�♦ 	✉♣❡�✐♦�✮ ❝♦♠ ✉♠ �♥❛♣�❤♦� ❞❛ 	✐♠✉❧❛✲

��♦✳ ❖ ♣❡�✜❧ ❞❡ ❞❡♥	✐❞❛❞❡ ❡❧❡��(♥✐❝❛ ♣❛�❛ ❞✐❢❡�❡♥�❡	 ❣�✉♣♦	 ❞❛ ♠♦❧�❝✉❧❛✱ ♠♦	��❛❞♦

♥❛ ❋✐❣✉�❛ ✹✳✻ ✭2 ❡	)✉❡�❞❛✮✱ ❝♦♥✜�♠❛ ❡	�❛ ♦�✐❡♥�❛��♦ ♣�❡❢❡�❡♥❝✐❛❧✱ ❡♠ )✉❡ ♦ ❣�✉♣♦

�	�❡� ❡ ❛ ❝❛❞❡✐❛ ❛❧✐❢+�✐❝❛ 	❡ ♣♦	✐❝✐♦♥❛♠ ✈♦❧�❛❞♦	 ♣❛�❛ ♦ ✐♥�❡�✐♦� ❤✐❞�♦❢ ❜✐❝♦✱ ♣�❡✲
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❣��✜❝♦�✱ ❛♣�❡�❡♥�❛✲�❡ ❛ ❡���✉�✉�❛ ♠♦❧❡❝✉❧❛� ❞❛ ❡�♣�❝✐❡ ❝♦��❡�♣♦♥❞❡♥�❡ ❝♦♠ ♦� ❝♦♥❥✉♥�♦� ❞❡ ��♦♠♦�

❛��✐♥❛❧❛❞♦�✳ ❆��✐♠✱ ♥❛ ❡�♣�❝✐❡ ♥❡✉��❛✱ ♦ ❣�✉♣♦ ●✶ � ❢♦�♠❛❞♦ ♣♦� ��♦♠♦� �✉❡ ❝♦♠♣$❡♠ ❛ ♠❡�✐❧❛

❈✶✷ ❡ ♦ ❣�✉♣♦ ●✷✱ ♣❡❧♦� ��♦♠♦� �✉❡ ❝♦♠♣$❡♠ ❛� ♠❡�✐❧❛� ❈✽ ❡ ❈✶✽✳ ◆❛ ❡�♣�❝✐❡ ❝❛��❡❣❛❞❛✱ ♦

❣�✉♣♦ ●✶✬ � ❢♦�♠❛❞♦ ♣❡❧♦ ❣�✉♣♦ ♠❡�✐❧❛ ❈✶✷✱ ♦ ❣�✉♣♦ ●✷✬✱ ♣❡❧❛ ♠❡�✐❧❛ ❈✽✱ ♦ ❣�✉♣♦ ●✸✬✱ ♣♦� ◆✶✺

❡ ♣❡❧♦� ��♦♠♦� ❞❡ ❤✐❞�✐❣+♥✐♦ ❛ ❡❧❡ ❧✐❣❛❞♦� ❡✱ ✜♥❛❧♠❡♥�❡✱ ♦ ❣�✉♣♦ ●✹✬ ❝♦♥��✐�✉✐✲�❡ ❞❡ ��♦♠♦� ❞❛

♠❡�✐❧❛ ❈✶✽✳

'❛�❛ ❡❧✉❝✐❞❛� ✉♠ ♣♦✉❝♦ ♠❛✐� �♦❜�❡ ❛� ✐♥�❡�❛�(❡� �✉❡ ❡��❛❜✐❧✐③❛♠ ❛ ❢♦�♠❛ ❝♦♠♦

❛ ❆❚❈ �❡ ❛❝♦♠♦❞❛ ♥♦ ✐♥�❡�✐♦� ❞❛ ❜✐❝❛♠❛❞❛✱ ❢♦✐ ❛♥❛❧✐�❛❞❛ ❛ ❡��❛�)��✐❝❛ ❞❡ ❧✐❣❛�(❡�

❞❡ ❤✐❞�♦❣+♥✐♦ ❞❛ ❆❚❈ ❝♦♠ ♠♦❧�❝✉❧❛� ❞❡ �❣✉❛ ❡ ❞❡ '❖'❈✳ ❈♦♥�✐❞❡�❛�❛♠✲�❡ ❧✐❣❛✲

�(❡� ❞❡ ❤✐❞�♦❣+♥✐♦ ✐♥�❡�❛�(❡� �✉❡ �❛�✐�✜③❡��❡♠ ❛� �❡❣✉✐♥�❡� ❝♦♥❞✐�(❡� ❣❡♦♠���✐❝❛�✿

❉✐���♥❝✐❛ ❍✖❳ ♠❡♥♦� ❞♦ �✉❡ ✷✱✻ Å✱ ❞✐���♥❝✐❛ ❳✖❨ ♠❡♥♦� ❞♦ �✉❡ ✸✱✺ Å ❡ ♦ �♥❣✉❧♦
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❳✖❨❍ ❛❜❛✐①♦ ❞❡ ✸✵o✱ �❡♥❞♦ ❳ ❡ ❨ ��♦♠♦� ❡❧❡��♦♥❡❣❛�✐✈♦� ❡ ❳ ♣♦��✉✐ ✉♠ ♣❛� ❞❡

❡❧���♦♥� ❧✐✈�❡� ❬✶✷✸❪✳ ◆❡��❡ ��❛❜❛❧❤♦✱ ❳ ❡ ❨ �"♦ ��♦♠♦� ❞❡ ♦①✐❣#♥✐♦ ♦✉ ♥✐��♦❣#♥✐♦✳

❱❡�✐✜❝♦✉✲�❡ (✉❡✱ ❡♠ ❝❡�❝❛ ❞❡ ✺✵ % ❞♦� *❧�✐♠♦� ✻ ♥� ❞❛� �✐♠✉❧❛,-❡� ❆✻✹✲✷ ❡ ❆✻✹✲✸✱

♦❝♦��❡�❛♠ ✐♥�❡�❛,-❡� ✈✐❛ ▲❍ ❡♥��❡ 1❖1❈ ❡ ❆❚❈ ♥❛ ❢♦�♠❛ ♥❡✉��❛✱ ❡��❡♥❝✐❛❧♠❡♥�❡

❝♦♠ ❛ ♣❛��✐❝✐♣❛,"♦ ❞❡ ❍✶✺ ❞❛ ❆❚❈ ❡ ��♦♠♦� ❞❡ ♦①✐❣#♥✐♦ ❞❛� ❝❛�❜♦♥✐❧❛� ❞♦� ❣�✉✲

♣♦� ��❡�❡� ❞❛� ❝❛❞❡✐❛� ❣�❛①❛� ❧✐♣6❞✐❝❛�✳ ▲✐❣❛,-❡� ❞❡ ❤✐❞�♦❣#♥✐♦ ✐♥��❛♠♦❧❡❝✉❧❛�❡�

♣�❛�✐❝❛♠❡♥�❡ ♥"♦ ♦❝♦��❡♠ (✉❛♥❞♦ ❛ ❆❚❈ ❡��� ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛✳ ❖ ♣♦�✐❝✐✲

♦♥❛♠❡♥�♦ ✐♥�❡�❢❛❝✐❛❧ ❞❛ ❆❚❈ �❛♠❜�♠ ♣♦��✐❜✐❧✐�❛ ❢�❡(✉❡♥�❡� ▲❍ ✭❝❡�❝❛ ❞❡ ✶✺ % ❞♦

✐♥�❡�✈❛❧♦ ❞❡ �✐♠✉❧❛,"♦✮ ❝♦♠ ♠♦❧�❝✉❧❛� ❞❛ �❣✉❛✳ ◆❛ ❋✐❣✉�❛ ✹✳✺ � ✈✐�6✈❡❧ (✉❡ ❛ ❆❚❈

♣❡�♠❛♥❡❝❡ ❡♠ ❝♦♥�❛�♦ ❝♦♠ ❛ �❣✉❛✱ ✐❧✉���❛❞❛ ❝♦♠♦ ✉♠❛ ♥✉✈❡♠ ❛③✉❧ (✉❡ ♣❡♥❡��❛

♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛✳ ■♥�❡�❛,-❡� ❡�♣❡❝6✜❝❛� ❝♦♠ ♦� ❧✐♣6❞✐♦� ❡ ❝♦♠ ❛ �❣✉❛ �"♦

�❡♣�❡�❡♥�❛❞❛� ♥❛ ❋✐❣✉�❛ ✹✳✼✳

◆♦� *❧�✐♠♦� ✻ ♥� ❞❡ �✐♠✉❧❛,"♦ ❞♦ �✐��❡♠❛ ❍❆✻✹✱ ❝❛❧❝✉❧♦✉✲�❡ (✉❡ ♦ ❝♦♠♣♦��♦

✐♥�❡�❛❣❡ ❝♦♠ ♠♦❧�❝✉❧❛� ❞❡ ❧✐♣6❞✐♦ ✈✐❛ ▲❍ ❞✉�❛♥�❡ ✾✽ % ❞❡��❡ ✐♥�❡�✈❛❧♦ ❞❡ �❡♠♣♦✳

❊��❛� ✐♥�❡�❛,-❡� ♦❝♦��❡♠ ♣�✐♥❝✐♣❛❧♠❡♥�❡ ❡♥��❡ ❍✾ ❞❛ ❆❚❈ ❡ ��♦♠♦� ❞❡ ♦①✐❣#♥✐♦

❞❛� ❝❛�❜♦♥✐❧❛� ❞♦� ��❡�❡� ♥❛� ❝❛❞❡✐❛� ❛❝✐❧❛ ❧✐♣6❞✐❝❛�✳ ❖❝♦��❡♠ ✐♥�❡�❛,-❡� ❞♦ �✐♣♦

▲❍ ❡♥��❡ �❣✉❛ ❡ ❛ ❆❚❈ ♣�♦�♦♥❛❞❛ ❡♠ ✾✺ % ❞♦ �❡♠♣♦✱ ♠✉✐�♦ ♠❛✐♦� ❞♦ (✉❡ ♦ ✈❛❧♦�

❝♦��❡�♣♦♥❞❡♥�❡ ♣❛�❛ ❛ ❆❚❈ ♥❡✉��❛✳

❖� �❡�✉❧�❛❞♦� ♦❜�✐❞♦� ❞❛� �✐♠✉❧❛,-❡� (✉❛♥�♦ @ ♣♦�✐,"♦ ♣�❡❢❡�❡♥❝✐❛❧ ❞❛ ❆❚❈

♥❡✉��❛ ❡♠ ♠❡♠❜�❛♥❛� ♠♦❞❡❧♦ ❡��"♦ ❡♠ ❣�❛♥❞❡ ❛❝♦�❞♦ ❝♦♠ ♦ (✉❡ �❡✈❡❧❛♠ ♦� ❡①✲

♣❡�✐♠❡♥�♦� ❝♦♠ ❡��❡� �✐��❡♠❛�✳ ❙♦♥❣ ❡� ❛❧ ❬✺✾❪ ❥� ❤❛✈✐❛♠ ♦❜�❡�✈❛❞♦ ❛��❛✈�� ❞❡

❡①♣❡�✐♠❡♥�♦� ❞❡ ❘▼◆ ❞❡ �E❧✐❞♦� (✉❡ ❛ ❆❚❈ ♥❡✉��❛ ❝❛✉�❛ ✉♠ ❣�❛♥❞❡ ❞✐��*�❜✐♦ ♥♦

❡♠♣❛❝♦�❛♠❡♥�♦ ❞❛ �❡❣✐"♦ ♣♦❧❛� ❞❛ ❜✐❝❛♠❛❞❛ ❞❡ ❉❙1❈ ✭❞✐❡��❡❛�♦✐❧❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛✮✱

�✉❣❡�✐♥❞♦ �❡� ❡��❛ ❛ ♣♦�✐,"♦ ♣�❡❢❡�❡♥❝✐❛❧ ❞❛ ❆❚❈ ♥❛ ♠❡♠❜�❛♥❛✳ ❖� ♣�♦❢❡��♦�❡� ▲❡✲

♦♥❛�❞♦ ❋✳ ❋�❛❝❡�♦ ❡ ❊♥❡✐❞❛ ❞❡ 1❛✉❧❛ ✜③❡�❛♠ ❡①♣❡�✐♠❡♥�♦� ❞❡ 1❍✲❘▼◆ ❞❡ ❆❚❈

♥❡✉��❛ ✭♣❍❂✾✱✵✮ ❡♠ ❧✐♣♦��♦♠❛� ❞❡ ❢♦�❢❛�✐❞✐❧❝♦❧✐♥❛ ❞❡ ♦✈♦ ✭❊1❈✮ ♣❛�❛ ❞❡�❡❝�❛� ❛

❧♦❝❛❧✐③❛,"♦ ♣�❡❢❡�❡♥❝✐❛❧ ❞❛ ❆❚❈ ♥❛� ❜✐❝❛♠❛❞❛� ❧✐♣6❞✐❝❛�✳ 1❛�❛ ✐��♦✱ ❢♦�❛♠ ❞❡�❡�✲

♠✐♥❛❞♦� ✈❛❧♦�❡� ❞❡ �❡♠♣♦ ❞❡ �❡❧❛①❛,"♦ ❧♦♥❣✐�✉❞✐♥❛❧✱ ❚1✱ ❞❡ ❞✐❢❡�❡♥�❡� �❡❣✐-❡� ❞❛

❜✐❝❛♠❛❞❛ ♥❛ ❛✉�#♥❝✐❛ ❡ ♣�❡�❡♥,❛ ❞♦ ❛♥❡����✐❝♦✱ ❥� (✉❡ ❛❧�❡�❛,-❡� ❡♠ ❚1 ♣♦❞❡♠

❡��❛� �❡❧❛❝✐♦♥❛❞❛� @ ❧♦❝❛❧✐③❛,"♦ ❞♦ ❆▲ ♥❛ ♠❡♠❜�❛♥❛ ❬✶✷✹❪✳ ❖� ✈❛❧♦�❡� ♦❜�✐❞♦� �"♦

♣❧♦�❛❞♦� ♥♦ ❣��✜❝♦ ❞❛ ❋✐❣✉�❛ ✹✳✽✱ ❡♠ (✉❡ ❛� ♠♦❧�❝✉❧❛� ❞❡ ❊1❈ �"♦ �❡♣�❡�❡♥�❛❞❛�

❞❡ ❢♦�♠❛ ❡①�❡♥❞✐❞❛✱ ❛ ♣❛��✐� ❞♦� ��♦♠♦� ❞❡ ❤✐❞�♦❣#♥✐♦ ❞❛ ❝❛❜❡,❛ ♣♦❧❛� ❛♦� ❞❛�

❝❛❞❡✐❛� ❛❝✐❧❛✳
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❋✐❣✉�❛ ✹✳✼✳ ❘❡♣�❡�❡♥�❛	
♦ ❡��✉❡♠��✐❝❛ ❞❛ ♣♦�✐	
♦ ❡ ❝♦♥❢♦�♠❛	
♦ ❞❛ ❆❚❈ ♥❡✉��❛ ♥♦

✐♥�❡�✐♦� ♠❡♠❜�❛♥❛�✳ ❚❛♠❜�♠ �
♦ ✐♥❞✐❝❛❞❛� ▲❍ ❞❛ ❆❚❈ ❝♦♠ �❖�❈ ❡ ❝♦♠ ❛ �❣✉❛✱ �✉❡ ♦❝♦��❡♠

❢�❡�✉❡♥�❡♠❡♥�❡✳

❖� ✈❛❧♦�❡� ❞❡ ❚1 ❢♦�❛♠ ❛❧
❡�❛❞♦�✱ ♣�✐♥❝✐♣❛❧♠❡♥
❡✱ ♣❛�❛ ♦� �
♦♠♦� ❞❡ ❤✐❞�♦❣�♥✐♦

♥❛� ❝❛❜❡�❛� ♣♦❧❛�❡� ❞❡ ♠♦❧�❝✉❧❛� ❞❡ ❊�❈✳ ❆ ❞✐♠✐♥✉✐� ♦ ❞❡ ❚1 ❞♦� ♣✐❝♦� ■✱ ❏ ❡ ❑

✐♥❞✐❝❛ $✉❡ ♦� �
♦♠♦� ❞❡ ❤✐❞�♦❣�♥✐♦ ♥❛� ✈✐③✐♥❤❛♥�❛� ❞♦� ❣�✉♣♦� ❢♦�❢❛
♦ ❡ ❣❧✐❝❡�♦❧


�♠ ❛ ♠♦❜✐❧✐❞❛❞❡ �❡�
�✐♥❣✐❞❛ ♥❛ ♣�❡�❡♥�❛ ❞♦ ❛♥❡�
��✐❝♦✳ ➱ ♣♦��'✈❡❧ ♦❜�❡�✈❛� ♥❛

�❡❢❡��♥❝✐❛ ❬✶✷✹❪✱ $✉❡ ♦ ♣❡�✜❧ ❞❛ ❝✉�✈❛ � ♠✉✐
♦ �✐♠✐❧❛� ❛♦ ❝♦��❡�♣♦♥❞❡♥
❡ ❞❡ ♦✉✲


�♦� ❆▲ ❞♦ 
✐♣♦ ❛♠✐♥♦✲❛♠✐❞❛ ♥❛ ❢♦�♠❛ ♥❡✉
�❛✱ ❛ �❛❜❡�✱ ❧✐❞♦❝❛'♥❛ ❡ ♠❡♣✐✈❛❝❛'♥❛✳

❆♥❡�
��✐❝♦� ♠❛✐� ❤✐❞�♦❢0❜✐❝♦�✱ ❝♦♠♦ ❛ ❡
✐❞♦❝❛'♥❛ ❡ ❛ ❜✉♣✐✈❛❝❛'♥❛✱ ✐♥✈❡��❛♠❡♥
❡✱

❝❛✉�❛♠ ♦ ❛✉♠❡♥
♦ ♥❛ ❧✐❜❡�❞❛❞❡ �♦
❛❝✐♦♥❛❧ ❞❡ 1❍ ♥❡�
❛ �❡❣✐ ♦ ❞♦ ❧✐♣'❞✐♦ ❬✶✷✹❪✳ ❙❡✲

❣✉♥❞♦ ❋�❛❝❡
♦ ❡ ❝♦❧❛❜♦�❛❞♦�❡�✱ ❡�
❡� ❝♦♠♣♦�
♦� ✐♥�❡�❡♠✲�❡ ♠❛✐� ♣�♦❢✉♥❞❛♠❡♥
❡ ♥❛

❜✐❝❛♠❛❞❛✱ ♦ $✉❡ ♣❡�
✉�❜❛ ♦ ❡♠♣❛❝♦
❛♠❡♥
♦ ❡❢❡
✐✈♦ ❞❡ ♠♦❧�❝✉❧❛� ❞❡ ❊�❈ ❡ ❧❡✈❛ ❛♦

❛✉♠❡♥
♦ ♥❛ ♠♦❜✐❧✐❞❛❞❡ ❞♦� �
♦♠♦� ❞❡ ❤✐❞�♦❣�♥✐♦ ❞♦� ❣�✉♣♦� ❝♦❧✐♥❛ ❡ ❣❧✐❝❡�♦❧✳

❚❛♠❜�♠ ❢♦�❛♠ ❢❡✐
❛� ♠❡❞✐❞❛� ❞❡ ❚1 ♣❛�❛ ♦� �
♦♠♦� ❞❡ ❤✐❞�♦❣�♥✐♦ ❞❛ ❆❚❈

❡ ✈❡�✐✜❝♦✉✲�❡ $✉❡ ❤♦✉✈❡ �❡❞✉� ♦ ♥❛ ♠♦❜✐❧✐❞❛❞❡ ❞❡ 
♦❞♦� ❡❧❡� ♥♦ ❛♠❜✐❡♥
❡ ♠❡♠✲

❜�❛♥❛�✳ ❊$✉✐✈❛❧❡♥
❡♠❡♥
❡✱ ❛ ❋✐❣✉�❛ ✹✳✾ ♠♦�
�❛✱ ♣❡❧❛ �♦❜�❡♣♦�✐� ♦ ❞♦� ♣❛��♦� ❞❛
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❋✐❣✉�❛ ✹✳✽✳ ❊❢❡✐�♦ ❞❛ ♣
❡�❡♥
❛ ❞❡ ❆❚❈ ♥♦ �❡♠♣♦ ❞❡ 
❡❧❛①❛
�♦ ❧♦♥❣✐�✉❞✐♥❛❧✱ ❚1✱ ❞❡

❞✐❢❡
❡♥�❡� 
❡❣✐�❡� ❞❛ ❜✐❝❛♠❛❞❛ ❞❡ ❊�❈ � ✸✵ o❈ ✭❉❛❞♦� ❞❡ ❡①♣❡
✐♠❡♥�♦� ❞❡ 1❍✲❘▼◆✱ ❢♦
♥❡❝✐❞♦�

♣❡❧♦� �
♦❢❡��♦
❡� ▲❡♦♥❛
❞♦ ❋✳ ❋
❛❝❡�♦ ❡ ❊♥❡✐❞❛ ❞❡ �❛✉❧❛✮ ✳

❋✐❣✉�❛ ✹✳✾✳ ❙♦❜
❡♣♦�✐
�♦ ❞❛� ❡��
✉�✉
❛� ❞❛ ❆❚❈ ♥❡✉�
❛ ❡♠ +❣✉❛ ✭�✐��❡♠❛ ❘❆❚❈✮ ❡

♥♦ ✐♥�❡
✐♦
 ♠❡♠❜
❛♥❛
 ✭�✐��❡♠❛ ❆✻✹✲✸✮✳

��❛❥❡���✐❛ �✐♠✉❧❛�
♦ ❞❡ ❆❚❈ ♥❡✉��❛ ❡♠ �❣✉❛ ❡ ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛ ✭�✐��❡♠❛�

❘❆❚❈ ❡ ❆✻✹✲✸✮✱ �✉❡ ❛ ❵❝❛✉❞❛✬ ❞❛ ❆❚❈ ❡♠ �❣✉❛ ❡①✐❜❡ ♠❛✐♦� ❧✐❜❡�❞❛❞❡ ❞♦ �✉❡

�✉❛♥❞♦ ❡��❛ ❡♥❝♦♥��❛✲�❡ ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛✳ ❆� ❝❛�❣❛� ♣❛�❝✐❛✐� ❛�&♠✐❝❛� ❞❛

❆❚❈ ✉�✐❧✐③❛❞❛� ❣❡�❛♠ ✉♠ ♠♦♠❡♥�♦ ❞❡ ❞✐♣♦❧♦ ♠(❞✐♦ ❞❛ ♠♦❧(❝✉❧❛ ❡♠ �❣✉❛ ❞❡ ✹✱✵

❉ ❡ ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛✱ ❞❡ ✷✱✻ ❉✱ ♦ �✉❡ ✐♥❞✐❝❛ �✉❡✱ ♥♦ ✐♥�❡�✐♦� ❤✐❞�♦❢�❜✐❝♦

❞❛ ♠❡♠❜�❛♥❛✱ ❛ ❝♦♥❢♦�♠❛�
♦ ♣�❡✈❛❧❡❝❡♥�❡ ❞♦ ❛♥❡��(�✐❝♦ ❡��� ❞❡ ❛❝♦�❞♦ ❝♦♠ ✉♠

♠❡✐♦ ❡♠ �✉❡ ❛� ✐♥�❡�❛�/❡� ♥
♦ �
♦ ♣�❡❞♦♠✐♥❛♥�❡♠❡♥�❡ ❞✐�❡❝✐♦♥❛✐�✳
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❆ ❞❡�❡�♠✐♥❛
�♦ ❞❡ ❝♦❡✜❝✐❡♥�❡� ❞❡ ♣❛��✐
�♦✱ �✱ ❞❡ ❛♥❡����✐❝♦� ❡♠ ♠❡♠❜�❛♥❛�

♠♦❞❡❧♦ ♦✉ ❡♠ ♠✐��✉�❛� ❞❡ ♦❝�❛♥♦❧✴�❛♠♣�♦ � ❢�❡�✉❡♥�❡♠❡♥�❡ ❡✜❝❛③ ♣❛�❛ ❛ ♣�❡❞✐
�♦

❞❛ ♣♦��♥❝✐❛ ❝❧�♥✐❝❛ ❞❡��❛� ❞�♦❣❛�✱ ❥� �✉❡ ❛ ❧✐♣♦��♦❧✉❜✐❧✐❞❛❞❡ ❞❡�❡�♠✐♥❛ ♦ ❣�❛✉ ❡♠

�✉❡ ❡❧❛� ♣❡♥❡��❛♠ ♥❛� ♠❡♠❜�❛♥❛� ❞❛� ❝�❧✉❧❛� ♥❡�✈♦�❛�✳ ❆❧�♠ ❞✐��♦✱ ❡��❡ ✈❛❧♦�

�❡�✈❡ ❝♦♠♦ ❣✉✐❛ ❞❡ ❡①♣❡�✐♠❡♥�♦� ❡ �✐♠✉❧❛
#❡�✱ ♥♦ ♠♦♠❡♥�♦ ❡♠ �✉❡ �❡ ❞❡❝✐❞❡ ❛

❝♦♠♣♦�✐
�♦ ❞♦ �✐��❡♠❛ ❡♠ ❡��✉❞♦ �✉❛♥�♦ $ �❛③�♦ ❡♥��❡ ♠♦❧�❝✉❧❛� ❞❡ ❆▲ ❡ ❧✐♣�❞✐♦✳

❆ ♣❛��✐
�♦ ❞❛� ❡�♣�❝✐❡� ♥❡✉��❛� ❡ ❝❛��❡❣❛❞❛� ❞♦ ❛♥❡����✐❝♦� ♣♦❞❡ �❡� ❡��✉❞❛❞❛ ♣♦�

❞✐❢❡�❡♥�❡� ♠��♦❞♦�✱ ❝♦♠♦ ❡�♣❡❝��♦�❝♦♣✐❛� &♣�✐❝❛� ❬✹✻✱ ✶✷✺✱ ✶✷✻❪✱ ♠✐❝�♦❡❧❡��♦❢♦�❡�❡

❬✶✷✼❪✱ ❞✐�❧✐�❡ ❞❡ ❡�✉✐❧�❜�✐♦ ❬✶✷✽✱ ✶✷✾❪ ❡ ❞❡♣�❡���♦ ♥❛ �❡♠♣❡�❛�✉�❛ ❞❡ ��❛♥�✐
�♦ ❞❡

❢❛�❡� ❬✶✸✵✕✶✸✷❪✳

�♦� �❡� ✉♠ ❢��♠❛❝♦ ❞❡ ✉�♦ ❝❧�♥✐❝♦ �❡❧❛�✐✈❛♠❡♥�❡ �❡❝❡♥�❡✱ ❛✐♥❞❛ ❤� ♣♦✉❝♦� ❞❛❞♦�

❡①♣❡�✐♠❡♥�❛✐� ❛❝❡�❝❛ ❞❛ ❧✐♣♦��♦❧✉❜✐❧✐❞❛❞❡ ❞❛ ❛��✐❝❛�♥❛✱ ❡ ❛❧❣✉♥� ��♦ ❝♦♥��♦✈❡��♦�✳

❊♠ ♣❛��✐❝✉❧❛�✱ ♥�♦ ❡①✐��❡♠ ❞❛❞♦� ♥❛ ❧✐�❡�❛�✉�❛ �♦❜�❡ ❛ ♣❛��✐
�♦ ❞❛ ❆❚❈ ❡♠ �✐�✲

�❡♠❛� ♠❡♠❜�❛♥❛✴�❣✉❛✳ ❙✐♠♦♥ ❡� ❛❧ ❬✶✸✸❪ �❡❧❛�❛♠ �✉❡ logP ❞❛ ❆❚❈ � ✶✱✷✸ ❡♠

♣❍ ✼✱✹ ✭♦❝�❛♥♦❧✴�❛♠♣�♦✮✱ ❡♥�✉❛♥�♦ �✉❡ ▼❛❝❑❡♥③✐❡ ❡ ❨♦✉♥❣ ✐♥❢♦�♠❛♠ �✉❡ logP

� ✐❣✉❛❧ ❛ ✷✱✵✾✱ ♠❛� ♥�♦ ❡�♣❡❝✐✜❝❛ ❛� ❝♦♥❞✐
#❡� ❡①♣❡�✐♠❡♥�❛✐� ✉�❛❞❛� ❬✶✸✹❪✳ ◆♦

❧❛❜♦�❛�&�✐♦ ❞❛ ��♦❢✳ ❊♥❡✐❞❛ ❞❡ �❛✉❧❛✱ ❞❡�❡�♠✐♥♦✉✲�❡ �✉❡ ♦ logP ❞❛ ❡�♣�❝✐❡ ♥❡✉��❛

✭♦❝�❛♥♦❧✴�❛♠♣�♦ ❞❡ ♣❍ ✾✱✵✱ ✷✺oC✮ � ✐❣✉❛❧ ❛ ✶✱✸✽✳ ❏� ❙♦♥❣ ❡� ❛❧ ❬✺✾❪ ❡♥❝♦♥��❛✲

�❛♠ ✉♠ ✈❛❧♦� ♠❛✐♦�✱ ✷✱✹✶✱ ♠❡�♠♦ ❡♠ ❝♦♥❞✐
#❡� �✐♠✐❧❛�❡� ✭♦❝�❛♥♦❧✴�❛♠♣�♦ ♣❍

✶✵✳✵✮✳ ❖❜�❡�✈❛✲�❡✱ ♥♦ ❡♥�❛♥�♦✱ �✉❡ ❛ ♠❛✐♦�✐❛ ❞❡��❡� ��❛❜❛❧❤♦� ♥�♦ ❡�♣❡❝✐✜❝❛ ❛ �❡♠✲

♣❡�❛�✉�❛ ❡♠ �✉❡ ♦ ❡①♣❡�✐♠❡♥�♦ ❢♦✐ �❡❛❧✐③❛❞♦✱ ❞❛❞♦ ❢✉♥❞❛♠❡♥�❛❧✱ ✉♠❛ ✈❡③ �✉❡ ❛
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♣❛��✐��♦ ❞❡ ♠♦❧
❝✉❧❛� ❡♠ ❢❛�❡� 
 ❞❡♣❡♥❞❡♥�❡ ❞❛ �❡♠♣❡�❛�✉�❛✳ ❑❛♥❡�❤✐♥❛ ❡ ❝♦❧❛❜♦✲

�❛❞♦�❡� ❬✶✸✺❪ ❡��✉❞❛�❛♠ ❛ ❞❡♣❡♥❞�♥❝✐❛ ❞❛ ♣❛��✐��♦ ❞❛ ❞✐❜✉❝❛�♥❛ ❡♠ ♠❡♠❜�❛♥❛�

❉▼!❈ ❝♦♠ ❛ �❡♠♣❡�❛�✉�❛✱ ❝♦♥❝❡♥��❛��♦ ❡ p❍ ❞❛ ♠✐��✉�❛✳ ❉❡♠♦♥���♦✉✲�❡ %✉❡ ❛

❝♦♥��❛♥�❡ ❞❡ ♣❛��✐��♦ 
 ❡�♣❡❝✐❛❧♠❡♥�❡ ✐♥✢✉❡♥❝✐❛❞❛ ♣❡❧♦ ❡��❛❞♦ ❞❛ ♠❡♠❜�❛♥❛ ✭❣❡❧✱

❧�%✉✐❞♦✲❝�✐��❛❧✐♥♦✱ ❡�❝✳✮✳

❊��✉❞♦� ❞❡ ❞✐♥+♠✐❝❛ ♠♦❧❡❝✉❧❛� ♣♦❞❡♠ ❝♦♥��✐❜✉✐� ❝♦♠ ❞✐�❝✉��,❡� ❞❡��❛ ♥❛�✉✲

�❡③❛ ❞✐�❡�❛♠❡♥�❡ ❛��❛✈
� ❞❡ ❝/❧❝✉❧♦� ❞❡ ❡♥❡�❣✐❛ ❧✐✈�❡✱ ❝♦♠ ❛ ✈❛♥�❛❣❡♠ ❞❡ %✉❡ ❛�

�✐♠✉❧❛�,❡� �❡✈❡❧❛♠ ♦� ❢❛�♦�❡� ♠♦❧❡❝✉❧❛�❡� %✉❡ ❝♦♥❞✉③❡♠ ❛ ♣❛��✐��♦ ❞♦ �♦❧✉�♦ ❡♥��❡

❛� ❢❛�❡�✳ ▼✉✐�♦� ��❛❜❛❧❤♦� ❢♦�❛♠ ❞❡❞✐❝❛❞♦� ❛♦ ❝/❧❝✉❧♦ ❞❡ logP ❞❡ ♣❡%✉❡♥♦� ❝♦♠✲

♣♦��♦� ♦�❣+♥✐❝♦� ❡♠ ♠✐��✉�❛� ♦❝�❛♥♦❧✴/❣✉❛ ❬✶✸✻✕✶✹✵❪✳ ❊♥��❡�❛♥�♦✱ ✐��♦ �❡%✉❡� ✉♠❛

❛♠♦���❛❣❡♠ ♠✉✐�♦ ❛♠♣❧❛ ♥♦ ❡�♣❛�♦ ❝♦♥✜❣✉�❛❝✐♦♥❛❧ ❡✱ ♣♦� ✐��♦✱ ❡��❡� ❝/❧❝✉❧♦� ��♦

❡①��❡♠❛♠❡♥�❡ ❝❛�♦�✱ ♣�✐♥❝✐♣❛❧♠❡♥�❡ ♣❛�❛ �✐��❡♠❛� ❝♦♠♣❧❡①♦�✱ ❝♦♠♦ ♦� ❜✐♦♠♦❧❡❝✉✲

❧❛�❡�✳ ❖ ❛♣�✐♠♦�❛♠❡♥�♦ ❞❛ ❡✜❝✐�♥❝✐❛ ♥♦ ❝/❧❝✉❧♦ ❞❡ ❡♥❡�❣✐❛ ❧✐✈�❡ 
 ✉♠ ❞♦� ♠❛✐♦�❡�

❞❡�❛✜♦� ❛�✉❛✐� ❞❛� �✐♠✉❧❛�,❡� ❝♦♠♣✉�❛❝✐♦♥❛✐�✳ ❱/�✐♦� ♠
�♦❞♦� ��♦ ❜❛�❡❛❞♦� ❡♠

�✐♠✉❧❛�,❡� ❞❡ ❡%✉✐❧�❜�✐♦ ♦✉ %✉❛�❡✲❡��/�✐❝❛�✱ �❛✐� ❝♦♠♦ ✐♥�❡❣�❛��♦ �❡�♠♦❞✐♥+♠✐❝❛

❡ ✉♠❜�❡❧❧❛ �❛♠♣❧✐♥❣✳ ▼❛�✱ ❛♣9� ❛ ❞❡�❝♦❜❡��❛ ❞❛ ✐❣✉❛❧❞❛❞❡ ❞❡ ❏❛�③②♥�❦✐ ❬✶✹✶❪✱ ♦

❝❛♠♣♦ ❞❡ ♠
�♦❞♦� ❞❡ ❝/❧❝✉❧♦� ❞❡ ❡♥❡�❣✐❛ ❧✐✈�❡ ❡①�❡♥❞❡✉✲�❡ = �✐♠✉❧❛�,❡� ❞❡ ♥�♦✲

❡%✉✐❧�❜�✐♦ ❝♦♠♦ ❙�❡❡�❡❞ ▼♦❧❡❝✉❧❛� ❉②♥❛♠✐❝� ✭♦✉ ❉✐♥+♠✐❝❛ ▼♦❧❡❝✉❧❛� ❞❡ ❈❛♠✐♥❤♦

■♥❞✉③✐❞♦✱ ❉▼❈■✮✳

◆❛� �❡�,❡� �❡❣✉✐♥�❡�✱ ❞✐�❝✉�❡✲�❡✱ ❜�❡✈❡♠❡♥�❡✱ ❛ �❡♦�✐❛ ❞❛ ✐❣✉❛❧❞❛❞❡ ❞❡ ❏❛�③②♥�❦✐

❛♣❧✐❝❛❞❛ ❛ ❉▼❈■ ❡ ♦� �❡�✉❧�❛❞♦� ♦❜�✐❞♦� ❛ ♣❛��✐� ❞❡��❛ �
❝♥✐❝❛ ❛♣❧✐❝❛❞❛ ❛ �✐♠✉❧❛�,❡�

❡♠ %✉❡ ✉♠❛ ♠♦❧
❝✉❧❛❞❡ ❆❚❈ ♥❡✉��❛ 
 ❡①��❛�❞❛ ✐��❡✈❡��✐✈❡❧♠❡♥�❡ ❞❡ �✉❛ ♣♦�✐��♦

❞❡ ❡%✉✐❧�❜�✐♦ ♥♦ ✐♥�❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛ !❖!❈ ♣❛�❛ ♦ ♠❡✐♦ ❛%✉♦�♦✳
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Igualdade de Jarzynski

❆ �
❝♥✐❝❛ ❞❡ ❞✐♥+♠✐❝❛ ♠♦❧❡❝✉❧❛� ❞❡ ❝❛♠✐♥❤♦ ✐♥❞✉③✐❞♦ ✭❉▼❈■✮ ✈✐�❛ ❛❝❡❧❡�❛� ✉♠

♣�♦❝❡��♦ ❞❡ ✐♥�❡�❡��❡ %✉❡✱ ❞❡ ♦✉��♦ ♠♦❞♦✱ �❡�✐❛ ♠✉✐�♦ ❧❡♥�♦ ♦✉ ❞❡ ❜❛✐①❛ ♦❝♦���♥❝✐❛✳

❯♠❛ ❢♦��❛ ❡①�❡�♥❛ 
 ❛♣❧✐❝❛❞❛ ❛ ✉♠ ���✐♦ �❡❧❡❝✐♦♥❛❞♦ ❞❡ ♠♦❞♦ ❛ ✐♥❞✉③�✲❧♦ ❛ �♦♠❛�

✉♠ ♣❡�❝✉��♦ �❡❧❛❝✐♦♥❛❞♦ ❛♦ ❢❡♥C♠❡♥♦ %✉❡ �❡ ❞❡�❡❥❛ ❡��✉❞❛�✳ ❊��❛ ❢♦��❛ 
 ❞❡�✐✈❛❞❛

❞❡ ✉♠ ♣♦�❡♥❝✐❛❧ ❤❛�♠C♥✐❝♦✳ ➱ ❝♦♠♦ �❡ ♣�❡♥❞���❡♠♦� ♦ ���✐♦ ❡�❝♦❧❤✐❞♦ ❛ ✉♠❛ ❞❛�

❡①��❡♠✐❞❛❞❡� ❞❡ ✉♠❛ ♠♦❧❛ ✈✐��✉❛❧ ❡✱ ♥❛ ♦✉��❛ ❡①��❡♠✐❞❛❞❡✱ ✉♠ /�♦♠♦ ✈✐��✉❛❧✳
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♣❡♥❞❡✱ ❡✈✐❞❡♥�❡♠❡♥�❡✱ ❞♦ ❝❛♠✐♥❤❤♦ ♦✉ ❝♦♦	❞❡♥❛❞❛� ❞❡ 	❡❛��♦✱ ♠❛� ❛ ❝♦♥✈❡	❣)♥❝✐❛

♥✉♠�	✐❝❛ ❞❛ ❊�✳ ✺✳✷✱ �✐♠✱ ♣♦❞❡ ❞❡♣❡♥❞❡	 ❢♦	�❡♠❡♥�❡ ❞❡ ✉♠❛ ❡�❝♦❧❤❛ ❝♦♥✈❡♥✐❡♥�❡

❞♦ ❝❛♠✐♥❤♦ 	❡❛❝✐♦♥❛❧ ❧✐❣❛♥❞♦ ♦� ❡��❛❞♦� �❡	♠♦❞✐♥*♠✐❝♦� ✐♥✐❝✐❛❧ ❡ ✜♥❛❧✳

❉❡♥�	❡ ❛� ❛♣❧✐❝❛�,❡� ❞♦ ♠��♦❞♦ ❞❡ ♥�♦✲❡�✉✐❧-❜	✐♦ ♣❛	❛ ♦ ❝$❧❝✉❧♦ ❞❡ ❡♥❡	❣✐❛

❧✐✈	❡ ❬✶✹✸✕✶✺✵❪ ✉♠❛ ❞❛� ♠❛✐� ❝♦♥❤❡❝✐❞❛� ❝♦♥�✐��✐✉ ♥♦ ✉�♦ ❞❡ �✐♠✉❧❛�,❡� ❞❡ ❞✐♥*♠✐❝❛

♠♦❧❡❝✉❧❛	 ❞❡ ❝❛♠✐♥❤♦ ✐♥❞✉③✐❞♦ ♣❛	❛ ❞❡	✐✈❛	 ♦ ♣❡	✜❧ ❞❡ ❡♥❡	❣✐❛ ❧✐✈	❡ �✉❡ ❝❛	❛❝�❡	✐③❛

❛ ❝♦♥❞✉��♦ ❞♦ ❣❧✐❝❡	♦❧ ♥♦ ❝❛♥❛❧ ♣	♦��✐❝♦ ❛�✉❛♣♦	✐♥❛ ❬✶✺✶❪✳ ❊��❡ �	❛❜❛❧❤♦✱ ❞❡ ❛❧�❛
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♦ �	❛♥�♣♦	�❡ ❞♦ ❣❧✐❝❡	♦❧✱ ❛�	❛✈�� ❞❛ ✐♥❞❡♥�✐✜❝❛��♦ ❞❡ �-�✐♦� ❞❡ ❧✐❣❛��♦✱ ❜❛		❡✐	❛� ❞❡

❡♥❡	❣✐❛ ❡ ✉♠❛ ♣❛��❛❣❡♠ ♣❛	❛ ♦ ❣❧✐❝❡	♦❧ ❞❡ ❜❛✐①❛ ❡♥❡	❣✐❛ ♥♦ ❝❛♥❛❧✳

❈$❧❝✉❧♦� ❞❡ ❡♥❡	❣✐❛ ❧✐✈	❡ ❛ ♣❛	�✐	 ❞❡ ♣	♦❝❡��♦� ❞❡ ♥�♦✲❡�✉✐❧-❜	✐♦ ��♦✱ ❡♠ ❣❡	❛❧✱

❡①�	❡♠❛♠❡♥�❡ ❞❡�❛✜❛❞♦	❡�✳ ❆ ♣	✐♥❝✐♣❛❧ ❞✐✜❝✉❧❞❛❞❡ ❡♥❝♦♥�	❛❞❛ ♥♦ ✉�♦ ❞❛ ✐❣✉❛❧❞❛❞❡

❞❡ ❏❛	③②♥�❦✐ � �✉❡ ❛ ♠�❞✐❛ ❡①♣♦♥❡♥❝✐❛❧ 〈e−βW 〉 � ❞♦♠✐♥❛❞❛ ♣♦	 ✈❛❧♦	❡� ♣❡�✉❡♥♦�

❞❡ �	❛❜❛❧❤♦✱ ♦� �✉❛✐� ♦❝♦		❡♠ ❛♣❡♥❛� 	❛	❛♠❡♥�❡✳ ❆��✐♠✱ ✉♠❛ ❡��✐♠❛�✐✈❛ 	❛③♦$✈❡❧

❞♦ (❋▼ 	❡�✉❡	 ✉♠❛ ❛♠♦��	❛❣❡♠ ❛♣	♦♣	✐❛❞❛ ❞❡��❛� �	❛❥❡�5	✐❛� 	❛	❛� ❬✶✺✷❪✳ ❯♠❛

❛❧�❡	♥❛�✐✈❛ ❢	❡�✉❡♥�❡♠❡♥�❡ ❡♠♣	❡❣❛❞❛ � ♦ ✉�♦ ❞❛ ❡①♣❛♥��♦ ❝✉♠✉❧❛♥�❡ ❛♦ ✐♥✈�� ❞❛

♠�❞✐❛ ❡①♣♦♥❡♥❝✐❛❧✳ ❖ ❧♦❣❛	✐�♠♦ ❞❡ ✉♠❛ ♠�❞✐❛ ❡①♣♦♥❡♥❝✐❛❧ ♣♦❞❡ �❡	 ❡①♣❛♥❞✐❞♦

❡♠ �❡	♠♦ ❞❡ ❝✉♠✉❧❛♥�❡�✱
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log〈ex〉 = 〈x〉 +
1

2
(〈x2〉 − 〈x〉2) + ... ✭✺✳✸✮

❙❡❣✉♥❞♦ ♦ 
❡♦�❡♠❛ ❞❡ ▼❛�❝✐♥❦✐❡✇✐❝③ ❬✶✺✸❪✱ �✉❛♥❞♦ ❛ ❞✐�
�✐❜✉✐��♦ ❞❛ ✈❛�✐!✈❡❧

x # ✉♠❛ ❣❛✉��✐❛♥❛✱ 
♦❞♦� ♦� 
❡�♠♦�✱ ♠❡♥♦� ♦� ❞♦✐� ♣�✐♠❡✐�♦�✱ ❞❡�❛♣❛�❛❝❡♠ ♥❡�
❛

❡①♣❛♥��♦✳ ❯�❛♥❞♦ ❛ ❡①♣❛♥��♦ ✺✳✸ ♣❛�❛ ❛ ✐❣✉❛❧❞❛❞❡ ❞❡ ❏❛�③②♥�❦✐✱ ♦❜
)♠✲�❡

log〈e−βW (t)〉 = 〈W (t)〉 −
β

2
(〈W (t)2〉 − 〈W (t)〉2) + .... ✭✺✳✹✮

◗✉❛♥❞♦ ✉�❛♠♦� ❡�
❛ ❢.�♠✉❧❛ ❛♣�♦①✐♠❛❞❛✱ ❞♦✐� 
✐♣♦� ❞❡ ❡��♦� ❡�
�♦ ❡♥✈♦❧✈✐❞♦�✿

♦ ❡��♦ ❞❡✈✐❞♦ ❛♦ 
�✉♥❝❛♠❡♥
♦ ❡ ♦ ❡��♦ ❞❡✈✐❞♦ 0 ❛♠♦�
�❛❣❡♠ ✐♥�✉✜❝✐❡♥
❡✳ ❈♦♠ ♦

✉�♦ ❞❛ ❢.�♠✉❧❛ ❡①❛
❛ ✭❊�✳ ✺✳✷✮ ♥�♦ ❤! ♦ ❡��♦ ❞❡✈✐❞♦ ❛♦ 
�✉♥❝❛♠❡♥
♦✱ ♠❛� ♦ ❡��♦

❞❡✈✐❞♦ 0 ❛♠♦�
�❛❣❡♠ # ♠✉✐
♦ ♠❛✐� ♣�♦❜❧❡♠!
✐❝♦ ❞❡✈✐❞♦ 0 ❞✐✜❝✉❧❞❛❞❡ ❡♠ ❡�
✐♠❛� ❛

♠#❞✐❛ ❡①♣♦♥❡♥❝✐❛❧ ❬✶✺✵❪✳ ❊♥
�♦✱ ♣❛�❛ ❛♠♦�
�❛❣❡♠ ❧✐♠✐
❛❞❛ ❛ ❢.�♠✉❧❛ ❛♣�♦①✐♠❛❞❛

✭❊�✳ ✺✳✹✮ ♣♦❞❡ ❢✉♥❝✐♦♥❛� ♠❡❧❤♦� ❞♦ �✉❡ ❛ ❢.�♠✉❧❛ ❡①❛
❛✳
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❆❧#♠ ❞❛� �✐♠✉❧❛�8❡� ❞❡ ❡�✉✐❧9❜�✐♦✱ �✐♠✉❧❛�8❡� ❞❡ ❉▼❈■ 
❛♠❜#♠ ❢♦�❛♠ ❝♦♥❞✉③✐❞❛�

❡♠ �✐�
❡♠❛� ❝♦♥
❡♥❞♦ ✉♠❛ <♥✐❝❛ ♠♦❧#❝✉❧❛ ❞❡ ❛�
✐❝❛9♥❛ �❡♥❞♦ ❡①
�❛9❞❛ ❞❡ �✉❛ ♣♦✲

�✐��♦ ❞❡ ❡�✉✐❧9❜�✐♦ ♥♦ ✐♥
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❛❧❡❛
♦�✐❛♠❡♥
❡ �❡❧❡❝✐♦♥❛❞❛� ✺✻ ❝♦♥✜❣✉�❛�8❡� ❞♦� <❧
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❊�
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��♦ ✭
❡♠♣❡�❛
✉�❛✱ ♣�❡���♦✱ ♣❛��♦ ❞❡ 
❡♠♣♦✱ �❛✐♦ ❞❡ ❝♦�
❡✱ ❡
❝✳✮ ��♦ ❛� ♠❡�♠❛� ❞❛�

✉
✐❧✐③❛❞❛� ♥❛� �✐♠✉❧❛�8❡� ❞❡ ❡�✉✐❧9❜�✐♦✳ ❆♦ 
♦❞♦✱ ❢♦�❛♠ ♣�♦❞✉③✐❞❛� ✽✻ �✐♠✉❧❛�8❡�

❉▼❈■ ❞❡ ✻ ♥�✳ ❆ ❢♦��❛ ❡①
❡�♥❛ ❢♦✐ ❛♣❧✐❝❛❞❛ ❛♦ ❝❡♥
�♦ ❞❡ ♠❛��❛ ❞❛ ♠♦❧#❝✉❧❛ ❞❡

❛�
✐❝❛9♥❛ ❡♠ ❞✐�❡��♦ ❛♦ ♠❡✐♦ ❛�✉♦�♦✱ ♣❛�❛❧❡❧❛♠❡♥
❡ 0 ♥♦�♠❛❧ ❞❛ ❜✐❝❛♠❛❞❛✳ ➚

✈❡❧♦❝✐❞❛❞❡ |�v| ✭❊�✉❛��♦ ✺✳✶✮✱ ❢♦✐ ❛
�✐❜✉9❞♦ ♦ ✈❛❧♦� ✸✱✸✸ ① ✶✵−3 ➴✴♣�✱ ❡�❝♦❧❤✐❞♦ ❝♦♠

❜❛�❡ ♥♦ 
�❛❜❛❧❤♦ ❞❡ ❱❡♠♣❡�❛❧❛ ❡� ❛❧ ❬✺✶❪ �♦❜�❡ ❤❛❧♦
❛♥♦ ❡♠ ❜✐❝❛♠❛❞❛ ❧✐♣9❞✐❝❛✳ ❊�
❡

✈❛❧♦� # ❝♦♥�✐❞❡�❛✈❡❧♠❡♥
❡ ♠❡♥♦� ❞♦ �✉❡ ♦� ✉
✐❧✐③❛❞♦� ❡♠ ♦✉
�❛� �✐♠✉❧❛�8❡� ❉▼❈■✱
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♦�

❬✶✹✾❪✱ ❞✐��♦❝✐❛��♦ ❞♦ !❝✐❞♦ �❡
✐♥.✐❝♦ ❞❡ �❡✉ �❡❝❡♣
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�❛��♦ ❞❡ ❧✐♣9❞✐♦� ❞❡

♠❡♠❜�❛♥❛� ❢♦�❢♦❧✐♣9❞✐❝❛� ❬✶✺✺❪ ❡✱ ✐♥❞✉��♦ ❞❛ ♣❛��❛❣❡♠ ❞❛ ♣�♦❣❡�
❡�♦♥❛ ❡♠ ❝✐❝❧♦✲

❞❡①
�✐♥❛ ❬✶✹✸❪✳ ❈♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❡�❝♦❧❤✐❞❛✱ ❛ ❆❚❈ ♣❡�❝♦��✐❛ ❛♣�♦①✐♠❛❞❛♠❡♥
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Å ❡♠ ❞✐�❡��♦ ❛♦ ♠❡✐♦ ❛
✉♦�♦✳

❊♠ ✸✵ ❞❛� �✐♠✉❧❛��❡�✱ ❢♦✐ ❛��✐❜✉�❞♦ ✈❛❧♦� ✹✱✵✵ ❦❝❛❧✴♠♦❧ Å � ❝♦♥��❛♥�❡ ❞❡ ❢♦��❛

k✳ ◆❛� ❞❡♠❛✐�✱ ❢♦✐ ✉�✐❧✐③❛❞♦ ❦ ❂ ✶✵✱✵✵ ❦❝❛❧✴♠♦❧ Å✱ ✈✐�❛♥❞♦ ❞✐♠✐♥✉✐� ❛ ✢✉�✉❛��♦
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♦ ♠❡✐♦ ❛
✉♦�♦ ♦❝♦��❡♠ ✐♥�❡�✈❛❧♦� ❡♠ 
✉❡ ♦ ❞❡�❧♦❝❛♠❡♥�♦ ❞❛ ♠♦❧6❝✉❧❛ 6 ♠❛✐� ❧❡♥�♦

✭♣❡�✜❧ ❞❛ ❢♦��❛ �❡♠ ✐♥❝❧✐♥❛��♦ ♣♦�✐�✐✈❛✮ ❡ ♦✉��♦� ❡♠ 
✉❡ 6 ♠❛✐� �9♣✐❞♦ ✭✐♥❝❧✐♥❛��♦

♥❡❣❛�✐✈❛ ❞♦ ♣❡�✜❧ ❞❡ ❢♦��❛✮✳ ❖ ❛✉♠❡♥�♦ ♥❛ ❢♦��❛ ♦❝♦��❡ ❞❡✈✐❞♦ ❛ ❡��❛❜✐❧✐③❛��♦ ❞❛

❆❚❈ ❡♠ ❞❡�❡�♠✐♥❛❞❛ ♣♦�✐��♦ ♣♦� ✐♥�❡�❛��❡� ❝♦♠ ♦� ❧✐♣�❞✐♦� ❞❛ ❜✐❝❛♠❛❞❛✳ ◗✉❛♥❞♦

❛ ❆❚❈ ❛✈❛♥�❛ ♣❛�❛ ♦ ♠❡✐♦ ❛
✉♦�♦ ❛ �❡�✐��<♥❝✐❛ 
✉❡ ♦ ♠❡✐♦ ✐♠♣�❡ �♦�♥❛✲�❡ ✉♥✐❢♦�♠❡

❡ ❛ ❢♦��❛ ❛♣❧✐❝❛❞❛ ✈❛�✐❛ ❛♦ �❡❞♦� ❞❡ ③❡�♦✳ ❈♦♥❢♦�♠❡ ♦❜�❡�✈❛✲�❡ ♥❡��❛ ❋✐❣✉�❛✱ ✈❛❧♦�❡�

♠❛✐♦�❡� ❞❛ ❝♦♥��❛♥�❡ ❞❡ ❢♦��❛ ✐♠♣❧✐❝❛♠ ❡♠ ✢✉�✉❛��❡� ♠❛✐♦�❡� ❞❛ ❢♦��❛ ❡①�❡�♥❛✳

❋✐❣✉�❛ ✺✳✷✳ �❡�✜� ❞❡ ❢♦�	❛ ❞❛� �✐♠✉❧❛	�❡� ❝✉❥❛� ❝♦♥✜❣✉�❛	�❡� ✐♥✐❝✐❛✐� ��♦ ❙✶ ♦✉ ❙✷✳

❆� ❝✉�✈❛� ❞❡ ��❛❜❛❧❤♦ ❡♠ ❢✉♥��♦ ❞♦ ❞❡�❧♦❝❛♠❡♥�♦ ❞❛ ♠♦❧❛ ��♦ ❛♣�❡�❡♥�❛❞❛� ♥❛

❋✐❣✉�❛ ✺✳✸✳ ❈♦♠♣❛�❛♥❞♦ ❛� ❝✉�✈❛� ♦�✐❣✐♥❛❞❛� ❞❡ ��❛❥❡�'�✐❛� ❞❡ ♠❡�♠❛ ❝♦♥✜❣✉�❛✲
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��♦ ✐♥✐❝✐❛❧ ✭❙✶ ♦✉ ❙✷✮✱ ✈❡�✐✜❝❛✲�❡ �✉❡ ❛ ♠❛❣♥✐�✉❞❡ ❞❡ k ✐♥✢✉❡♥❝✐❛ ♠✉✐�♦ ♥♦ ♣❡�✜❧

❡♥❡�❣��✐❝♦ ❞♦ ♣�♦❝❡��♦✳ ❖ ✈❛❧♦� ❞♦ ��❛❜❛❧❤♦ ✜♥❛❧ ❞❡ ❙✶✱ ♣♦� ❡①❡♠♣❧♦✱ ❞❡❝�❡�❝❡✉

❛♣�♦①✐♠❛❞❛♠❡♥�❡ ✶✹ ❦❝❛❧✴♠♦❧ ❝♦♠ ♦ ❛✉♠❡♥�♦ ❞❡ k✱ ♦ �✉❡ ❞❡�❝❛��❛ ❝♦♠♣❧❡�❛♠❡♥�❡

❛ ♣♦��✐❜✐❧✐❞❛❞❡ ❞❡ ❛��✐❜✉✐� ❛ ❞✐❢❡�❡♥�❛ ❛ ✢✉�✉❛�'❡� ���♠✐❝❛�✳ ❊♠ ❞❡��❛�✉❡✱ ❛ ❝✉�✈❛

❡♠ ✈❡�♠❡❧❤♦ ✭♣❛✐♥❡❧ �✉♣❡�✐♦�✮ ♠♦���❛ ✉♠ ♣�♦❝❡��♦ �✉❡ �❡ ✐♥✐❝✐❛ ❝♦♠ ❜❛��❛♥�❡

❢❛❝✐❧✐❞❛❞❡ ✭�❡�✉❡� ♣♦✉❝❛ ❡♥❡�❣✐❛✮ ♠❛�✱ �✉❡ ❡♠ �❡✉ ❞❡❝♦��❡�✱ ♣❛��❛ ❛ �♦�♥❛�✲�❡ ❞✐✲

✜❝✉❧�♦�♦✳ ■��♦ ❞❡♠♦♥���❛ �✉❡✱ ♥❡��❡ �✐��❡♠❛✱ ♥�♦ ❤* ❝♦♠♦ ♣�❡✈❡� ❛ ♠❛❣♥✐�✉❞❡ ❞♦

��❛❜❛❧❤♦ �♦�❛❧ ❛ ♣❛��✐� ❞❡ ❝♦♥❞✐�'❡� ✐♥✐❝✐❛✐� ❝♦♠♦ ♣♦�✐��♦ ❞❛ ❆❚❈ ♥❛ ♠❡♠❜�❛♥❛ ❡

�✉❛� ✐♥�❡�❛�'❡� ❝♦♠ ♦ ♠❡✐♦✳

❋✐❣✉�❛ ✺✳✸✳ ❈✉�✈❛� ❞❡ 	�❛❜❛❧❤♦ ❡♠ ❢✉♥��♦ ❞♦ ❞❡�❧♦❝❛♠❡♥	♦ ❞❛ ❆❚❈ ♥❡✉	�❛ ❡♠ �✉❛

❡①	�❛��♦ ❞♦ ✐♥	❡�✐♦� ❞❛ ♠❡♠❜�❛♥❛ �❖�❈✳ ❆� ❝✉�✈❛� ♥♦ ♣❛✐♥❡❧ �✉♣❡�✐♦� ❢♦�❛♠ ❣❡�❛❞❛� ✉	✐❧✐③❛♥❞♦

❦❂✹✱✵ ❦❝❛❧✴♠♦❧ Å ❡ ❛� ❞♦ ♣❛✐♥❡❧ ✐♥❢❡�✐♦�✱ ✉	✐❧✐③❛♥❞♦ ❦❂✶✵✱✵ ❦❝❛❧✴♠♦❧ Å✳ ❆❧❣✉♠❛� ❝✉�✈❛� ❡�	�♦

❡♠ ❞❡�	❛%✉❡ ♣❛�❛ �❡�❡♠ ❝♦♠❡♥	❛❞❛� ♥♦ 	❡①	♦✳

❆ ♣❛��✐� ❞❛� ��❛❥❡�/�✐❛� ❣❡�❛❞❛� ♣❛�❛ ❦❂✶✵✱✵ ❦❝❛❧✴♠♦❧ Å✱ ❢♦�❛♠ ❛♣❧✐❝❛❞♦� ♦�

♠��♦❞♦� ❞❡ ♠�❞✐❛ ❡①♣♦♥❡♥❝✐❛❧ ❡ ❡①♣❛♥��♦ ❝✉♠✉❧❛♥�❡ ♣❛�❛ ❛ ❞❡�❡�♠✐♥❛��♦ ❞♦ ♣♦✲

�❡♥❝✐❛❧ ❞❡ ❢♦��❛ ♠�❞✐❛ ✭❋✐❣✉�❛ ✺✳✹✮✳ ◆♦ ❤✐��♦❣�❛♠❛ ❞❛ ❋✐❣✉�❛ ✺✳✺✱ ✈❡�✐✜❝❛✲�❡ �✉❡

❛ ❞✐���✐❜✉✐��♦ ��❛❜❛❧❤♦ ♥❛� �✐♠✉❧❛�'❡� ❉▼❈■ ♥�♦ �❡♠ ❛ ❢♦�♠❛ ❣❛✉��✐❛♥❛✳ ❉❡��❡

♠♦❞♦✱ ♦ ��❛�❛♠❡♥�♦ ❞♦� ❞❛❞♦� ❛ ♣❛��✐� ❞❛ ❛♣�♦①✐♠❛��♦ ❞❛ ❡①♣❛♥��♦ ❝✉♠✉❧❛♥�❡

♥�♦ � ❛♣�♦♣�✐❛❞♦✳ ❱✐�✐✈❡❧♠❡♥�❡✱ ❛ ❝✉�✈❛ 8❋▼ ♦❜�✐❞❛ ♣♦� ♠�❞✐❛ ❡①♣♦♥❡♥❝✐❛❧ ✭❧✐♥❤❛

♣�❡�❛✱ ❋✐❣✉�❛ ✺✳✹✮ �❡♠ ❡♠ �❡✉ ❢♦�♠❛�♦ ❛ ✐♥✢✉9♥❝✐❛ ♣�❡❞♦♠✐♥❛♥�❡ ❞❡ ❝✉�✈❛� ❞❡
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♠❡♥♦� ��❛❜❛❧❤♦ ♣❛�❛ ❞❛❞♦ ❞❡
❧♦❝❛♠❡♥�♦✳ ❯♠❛ ❝✉�✈❛ ❞❡ ��❛❜❛❧❤♦ ✐♠♣♦��❛♥�❡ ♥❡
�❡

❛
♣❡❝�♦ � ❛ ❙✷ ❞❛ ❋✐❣✉�❛ ✺✳✸ ✭♣❛✐♥❡❧ ✐♥❢❡�✐♦�✮ ✳

❋✐❣✉�❛ ✺✳✹✳ ❈✉�✈❛� ❞❡ ♣♦�❡♥❝✐❛❧ ❞❡ ❢♦��❛ ♠�❞✐❛ ♦❜�✐❞❛� ❛��❛✈�� ❞❛ ❢��♠✉❧❛ ❡①❛�❛ ❞❡

❏❛�③②♥�❦✐ ❡ ❞❛ ❛♣�♦①✐♠❛��♦ ❞❡��❛ ♣♦� ❡①♣❛♥��♦ ❝✉♠✉❧❛♥�❡✳

❋✐❣✉�❛ ✺✳✺✳ ❍✐��♦❣�❛♠❛ ❞❛ ❢�❡�✉ ♥❝✐❛ ❞❡ ✈❛❧♦�❡� ❞❡ ��❛❜❛❧❤♦ �♦�❛❧ ♥❛� �✐♠✉❧❛�"❡� ❉▼❈■✳

❖ ♣❡�✜❧  ❋▼ ❝♦♥✜�♠❛ ❛ �❡♥❞"♥❝✐❛ ❞♦ ❆▲ ❛ 
❡ ❧♦❝❛❧✐③❛� ♥❛ ❝♦♠♣❧❡①❛ �❡❣✐'♦ ✐♥✲

�❡�❢❛❝✐❛❧ ❡♥��❡ ❛
 ❢❛
❡
 ❧✐♣)❞✐❝❛ ❡ ❛*✉♦
❛✳ ❱❡♠♣❡�❛❧❛ ❡ ❝♦❧❛❜♦�❛❞♦�❡
 ❬✺✶❪ ✉�✐❧✐③❛�❛♠

❡
�❛ ♠❡�♦❞♦❧♦❣✐❛ ♣❛�❛ 
✉❣❡�✐� ♦  ❋▼ ❞❛ ❡①��❛/'♦ ❞♦ ❛♥❡
��
✐❝♦ ✈♦❧0�✐❧ ❤❛❧♦�❛♥♦ ❞❡

♠❡♠❜�❛♥❛
 ❉❖ ❈✳ ❖ ✈❛❧♦� ✜♥❛❧ ❡♥❝♦♥��❛❞♦ ❞❡ ❡♥❡�❣✐❛ ❧✐✈�❡ ❞❡ ♣❛��✐/'♦ ❞❛ ❆❚❈

✭∽✽ ❦❝❛❧✴♠♦❧✮ ❛��❛✈�
 ❞❛ ❛♣❧✐❝❛/'♦ ❞✐�❡�❛ ❞❛ ✐❣✉❛❧❞❛❞❡ ❞❡ ❏❛�③②♥
❦✐ � ♣�9①✐♠♦ ❛♦

❡♥❝♦♥��❛❞♦ ♣❛�❛ ♦ ❤❛❧♦�❛♥♦ ✭∽✺ ❦❝❛❧✴♠♦❧✮✳ ❯♠❛ ❡
�✐♠❛�✐✈❛ ♣�❡❧✐♠✐♥❛� ❞♦ ❝♦❡✜✲

❝✐❡♥�❡ ❞❡ ♣❛��✐/'♦ ❞❛ ❆❚❈ ♥❡✉��❛ ❡♠ ♠❡♠❜�❛♥❛
  ❖ ❈ ❛ ❚❂✸✶✵ ❑ ✭✸✼ o❈✮ �

♦❜�✐❞❛ ❛��❛✈�
 ❞❡

∆G = −kBT lnK ✭✺✳✺✮
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❡♠ �✉❡ kB � ❛ ❝♦♥
�❛♥�❡ ❞❡ ❇♦❧�③♠❛♥♥ ❡ K ✭♦✉ P ✮✱ ❛ ❝♦♥
�❛♥�❡ ❞❡ ♣❛��✐��♦✳

❆♣❧✐❝❛♥❞♦ ❡
�❛ ❡�✉❛��♦✱ ❝❤❡❣❛✲
❡ �✉❡ P 284.680✱ ♦✉ logP 5, 45✳ ❑❛♥❡
❤✐♥❛ ❡

❝♦❧❛❜♦�❛❞♦�❡
 ♦❜�✐✈❡�❛♠ ❡①♣❡�✐♠❡♥�❛❧♠❡♥�❡ ♦ logP ❞❛ ❞✐❜✉❝❛!♥❛ ❡♠ ♠❡♠❜�❛♥❛


❉▼$❈ ❡♠ ❞✐❢❡�❡♥�❡
 �❡♠♣❡�❛�✉�❛
 ❬✶✸✺❪✳ ◆❛ ♠❛✐
 ❛❧�❛ ❞❡❧❛
✱ ✷✽ o❈✱ ❞❡�❡�♠✐♥♦✉✲
❡

P ∽ 38.000 ❡ logP = 4, 58✳



Caṕıtulo 6

Conclusões

❆� ♠❡♠❜�❛♥❛� �	♦ ❡���✉�✉�❛� ❞❡ ❣�❛♥❞❡ ✐♠♣♦���♥❝✐❛ ❜✐♦❧�❣✐❝❛ ❡ ✈�♠ �❡♥❞♦

❛♠♣❧❛♠❡♥�❡ ❡��✉❞❛❞❛� ♣♦� ��❝♥✐❝❛� ❡①♣❡�✐♠❡♥�❛✐� ❡✱ ♠❛✐� �❡❝❡♥�❡♠❡♥�❡✱ ♣♦� ��❝✲

♥✐❝❛� ❞❡ �✐♠✉❧❛�	♦ ❝♦♠♣✉�❛❝✐♦♥❛❧✱ ❞❛❞♦ ♦ ❛✉♠❡♥�♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❝♦♠♣✉�❛❝✐♦♥❛❧

❡ ♦ ❞❡�❡♥✈♦❧✈✐♠❡♥�♦ ❞❡ ♥♦✈❛� ��❝♥✐❝❛� ❞❡ ❉▼✳ ◆♦ ❝♦♥�❡①�♦ ❢❛�♠❛❝♦❧�❣✐❝♦✱ ✉♠ ❞♦�

�❡♠❛� ♠✉✐�♦ ❡��✉❞❛❞♦� � ♦ ❝♦♠♣♦��❛♠❡♥�♦ ❡ ❡❢❡✐�♦� ❞❡ ❛♥❡����✐❝♦� ❡♠ ❜✐♦♠❡♠✲
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+❖+❈✳
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❡♥❝♦♥��❛❞♦� ❡♠ ✉♠ ❝❛♠♣♦ ❞❡ ❢♦��❛ ♣❛�❛ ✉♠❛ ♠♦❧�❝✉❧❛ ❛�❜✐��&�✐❛ ❡ ❛❧❣✉♥� ❞✐�❞�♦�
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	❡✈✳ ❇✐♦♣❤②
✳ ❈❤❡♠✳✱ ✶✷✺✿✹✶✻✱
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✷✵✵✼✳
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