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RESUMO

Alguns tipos de tratamento de câncer e outras doenças requerem que os compostos

interajam com o DNA ou células tumorais para que possam agir de maneira

direcionada no combate ou na reparação de células danificadas. Dessa forma, torna-

se essencial estudar corantes que funcionem como marcadores e possam atuar na

reparação de danos. Nesse contexto, o corante Azure A tem ganhado destaque.

Amplamente utilizado como marcador de células tumorais e com potencial em

terapias fotodinâmicas, o Azure A ainda é pouco explorado no que diz respeito às

suas propriedades físico-químicas. Esse conhecimento é essencial, pois permite

entender como o corante interage com o DNA e como suas características podem

ser otimizadas para atuar em ambientes biológicos diversos. Este trabalho, de

maneira pioneira, descreve a interação do Azure A com moléculas de DNA isoladas

em diferentes forças iônicas, oferecendo novos insights sobre o mecanismo de

interação em cada contexto. Os resultados apresentados aqui demonstram que a

interação é mediada pela força iônica, com dois modos distintos, em alta e média

temos uma interação de fendas, em contrapartida temos intercalação em condições

de baixa força iônica. Esse resultado é de suma importância para o entendimento do

comportamento em sistemas biológicos, abrindo caminho para aplicações futuras

mais precisas em diagnóstico e tratamento de câncer e outras patologias que

envolvam interações com o DNA.

Palavras-chave: Interações DNA-Ligantes.; Corante fenotiazínico.; Azure A.; DNA.;

Força iônica.

REZENDE, Arthur Gomes Soares de, M.Sc., Universidade Federal de Viçosa,
dezembro de 2024. Interação DNA-Ligantes: Corante Azure A. Orientador: Marcio
Santos Rocha.



ABSTRACT

Some types cancer treatment and other diseases require compounds to interact with

DNA or tumor cells acting in a targeted manner to fight or repair damaged cells. It is

therefore essential to study dyes that work as markers and can act to repair damage.

In this context, the Azure A dye has gained prominence. Widely used as a marker for

tumor cells and with potential in photodynamic therapies, Azure A is still little

explored in terms of its physicochemical properties. This knowledge is essential

because it allows us to understand how the dye interacts with DNA and how its

characteristics can be optimized to act in different biological environments. This

pioneering work describes the interaction of Azure A with isolated DNA molecules at

different ionic strengths, offering new insights into the mechanism of interaction in

each context. The results presented here show that the interaction is mediated by

ionic strength, with two distinct modes: at high and medium ionic strengths we have a

cleft interaction, while at low ionic strengths we have intercalation. This result is

extremely important for understanding behavior in biological systems, paving the way

for more precise future applications in the diagnosis and treatment of cancer and

other pathologies that involve interactions with DNA.

Keywords: DNA-ligand interactions.; Phenothiazine dye. ; Azure A.; DNA.; Ionic

strength.

REZENDE, Arthur Gomes Soares de, M.Sc., Universidade Federal de Viçosa,
December, 2024. DNA-Ligand Interaction: Azure A dye.. Adviser: Marcio Santos
Rocha.
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❖ ❡st✉❞♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❉◆❆ ❡ ❞✐✈❡rs♦s ❝♦♠♣♦st♦s tr❛♥s❝❡♥❞❡ ❛s ❢r♦♥t❡✐r❛s ❞❛s

❞✐s❝✐♣❧✐♥❛s ❜✐♦❧ó❣✐❝❛s ❡ q✉í♠✐❝❛s✱ ❛❜r❛♥❣❡♥❞♦ t❛♠❜é♠ ♦ ❞♦♠í♥✐♦ ❞❛ ❢ís✐❝❛✳ ◆❡ss❡ ❝❡♥ár✐♦✱

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

◆❛ ár❡❛ ❡①♣❡r✐♠❡♥t❛❧✱ ✈ár✐❛s té❝♥✐❝❛s ♣♦❞❡♠ s❡r ❡♠♣r❡❣❛❞❛s✱ ✐♥❝❧✉✐♥❞♦ ❡s♣❡❝tr♦❢♦t♦✲

♠❡tr✐❛✱ ❡❧❡tr♦❢♦r❡s❡ ❡ ♠✐❝r♦s❝♦♣✐❛ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛✳ ◆♦ ❡♥t❛♥t♦✱ ❞❛❞♦ ♦ ♥♦ss♦ ✐♥t❡r❡ss❡ ♥❛

✐♥t❡r❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ✐♥❞✐✈✐❞✉❛✐s✱ ♦ ❢♦❝♦ ♥❡ss❡ tr❛❜❛❧❤♦ s❡rá ♥❛ té❝♥✐❝❛ ❞❛ ♣✐♥ç❛ ó♣t✐❝❛✳

❉❡s❡♥✈♦❧✈✐❞❛ ♥♦s ❧❛❜♦r❛tór✐♦s ❞❛ ❇❡❧❧ ♥♦ ✜♥❛❧ ❞♦s ❛♥♦s ✶✾✻✵ ♣♦r ❆rt❤✉r ❆s❤❦✐♥ ❡ ❝♦❧❛✲

❜♦r❛❞♦r❡s✱ ❛ ♣✐♥ç❛ ó♣t✐❝❛ r❡✈♦❧✉❝✐♦♥♦✉ ❛ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ♦❜❥❡t♦s ♠✐❝r♦s❝ó♣✐❝♦s✳ ◆♦ ❛♥♦

❞❡ ✷✵✶✽✱ ❆s❤❦✐♥ ❢♦✐ ❧❛✉r❡❛❞♦ ❝♦♠ ♣rê♠✐♦ ◆♦❜❡❧ ♣❡❧❛s ❛♣❧✐❝❛çõ❡s ❞❛ té❝♥✐❝❛ ❡♠ s✐st❡♠❛s

❜✐♦❧ó❣✐❝♦s✳

◆❡ss❡ ❝♦♥t❡①t♦✱ ✐♥✈❡st✐❣❛♠♦s ❛s ♠✉❞❛♥ç❛s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❡ q✉í♠✐❝❛s ❞❛

♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ❆③✉r❡ ❆✳ ❖ ❆③✉r❡ ❆ é ✉♠

❝♦r❛♥t❡ ❝❛t✐ô♥✐❝♦ ❢❡♥♦t✐❛③í♥✐❝♦✱ ❞❡r✐✈❛❞♦ ❞❛ ♦①✐❞❛çã♦ ❞♦ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦✱ ❝♦♠ ✉♠❛ ❛♠✲

♣❧❛ ❣❛♠❛ ❞❡ ❛♣❧✐❝❛çõ❡s✱ ❞❡s❞❡ ❝♦❧♦r❛çã♦ ❡♠ ❝é❧✉❧❛s ❛té t❡❝♥♦❧♦❣✐❛s ❡❧❡tr♦❝rô♠✐❝❛s✳ ❖s

❡st✉❞♦s s♦❜r❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❆③✉r❡ ❆ ❡ ♦ ❉◆❆ sã♦ r❡❝❡♥t❡s✱ ♣♦rt❛♥t♦✱ ❛✐♥❞❛ ♥ã♦ ❤á

r❡❧❛t♦s ❞❡ss❛ ✐♥t❡r❛çã♦ ❛♦ ♥í✈❡❧ ❞❡ ♠♦❧é❝✉❧❛ ú♥✐❝❛✳

❆ ❞✐ss❡rt❛çã♦ ❢♦✐ ❞✐✈✐❞✐❞❛ ❡♠ três ♣❛rt❡s✿ r❡✈✐sã♦ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r✱ té❝♥✐❝❛ ❡ ♠❡t♦❞♦✲

❧♦❣✐❛✱ ❡ ♣♦r ✜♠ ♦s r❡s✉❧t❛❞♦s ❡ ❝♦♥❝❧✉sõ❡s✳ ◆❛ ❙í♥t❡s❡ ■♥t❡r❞✐s❝✐♣❧✐♥❛r✱ sã♦ r❡❛❧✐③❛❞❛s

❛♥á❧✐s❡s ❞❛ ♠♦❧é❝✉❧❛ ❉◆❆ s♦❜ ❞✐❢❡r❡♥t❡s ♣❡rs♣❡❝t✐✈❛s ❞✐s❝✐♣❧✐♥❛r❡s✱ ❞❡s❞❡ s✉❛ ❡str✉t✉r❛

❜✐♦q✉í♠✐❝❛ ❡ ✐♥t❡r❛çõ❡s ❛té ❛s t❡♦r✐❛s ❢✉♥❞❛♠❡♥t❛✐s ❞❡ ♦r✐❣❡♠ ❋ís✐❝❛✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠

❡ss❛ ❛❜♦r❞❛❣❡♠ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r ♥♦ ❡st✉❞♦ ❞♦ ❉◆❆✳ ◆❛ s❡q✉ê♥❝✐❛ t❡♠♦s ✉♠❛ ♣❛rt❡✱ ✐♥t✐✲

t✉❧❛❞❛ ❉❡t❛❧❤❛♠❡♥t♦ ❞♦ Pr♦❝❡ss♦ ❊①♣❡r✐♠❡♥t❛❧✱ ♦♥❞❡ é ❛♣r❡s❡♥t❛❞❛ ❞❡t❛❧❤❛❞❛♠❡♥t❡ ❛s

❡t❛♣❛s ❡①♣❡r✐♠❡♥t❛✐s✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ sã♦ ❞❡s❝r✐t♦s ♦s ♠ét♦❞♦s ❡ ♣r♦❝❡❞✐♠❡♥t♦s ✉t✐❧✐✲

③❛❞♦s ♥❛ ♣❡sq✉✐s❛✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ❡str✉t✉r❛ t❡ór✐❝❛ ❡ ❡①♣❡r✐♠❡♥t❛❧ ♥❡❝❡ssár✐❛ ♣❛r❛ ♦

❜♦♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ té❝♥✐❝❛ ❞❡ P✐♥ç❛ Ó♣t✐❝❛✳

◆❛ t❡r❝❡✐r❛ ❡ ú❧t✐♠❛ ♣❛rt❡✱ ✐♥t❡r❛çã♦ ❞♦ ❉◆❆ ❝♦♠ ❆③✉r❡ ❆✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s✲

❝✉t✐❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✈✐❛ ♣✐♥ç❛ ó♣t✐❝❛ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❉◆❆ ❡ ♦ ❝♦♠♣♦st♦

q✉í♠✐❝♦ ❆③✉r❡ ❆ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ❝♦♥❝❧✉sã♦✳

✶✷



P❛rt❡ ■

❘❡✈✐sã♦ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r

✶✸



❈❛♣ít✉❧♦ ✷

❇✐♦q✉í♠✐❝❛ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆

◆❡st❛ s❡çã♦✱ s❡rá ❡①♣❧♦r❛❞♦ ♦ á❝✐❞♦ ❞❡s♦①✐rr✐❜♦♥✉❝❧❡✐❝♦ ✭❆❉◆✮✱ ♠❛✐s ❝♦♥❤❡❝✐❞♦ ♣♦r

❉❡♦①②r✐❜♦♥✉❝❧❡✐❝ ❆❝✐❞ ✭❉◆❆✮✱ s♦❜ ✉♠❛ ♣❡rs♣❡❝t✐✈❛ ❤✐stór✐❝❛ ❡ ❜✐♦q✉í♠✐❝❛✱ ❛❜♦r❞❛♥❞♦

❞❡s❞❡ s✉❛ ❞❡s❝♦❜❡rt❛ ❛té s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❜✐♦q✉í♠✐❝❛s ❢✉♥❞❛♠❡♥t❛✐s✳

✷✳✶ ❆s♣❡❝t♦s ❤✐stór✐❝♦s ❞♦ ❉◆❆

◆♦ sé❝✉❧♦ ❳■❳✱ ❡♠ ✶✽✻✺✱ ♦ ❝✐❡♥t✐st❛ t❝❤❡❝♦ ●❡♦r❣❡ ▼❡♥❞❡❧ ❝♦♥❞✉③✐✉ ❡①♣❡r✐♠❡♥t♦s

❝♦♠ ❡r✈✐❧❤❛s✱ q✉❡ ❢♦r❛♠ ♣✐♦♥❡✐r♦s ♥❛ ❝♦♠♣r❡❡♥sã♦ ✐♥✐❝✐❛❧ ❞❛ ❤❡r❡❞✐t❛r✐❡❞❛❞❡ ❞❛s ❝❛r❛❝t❡✲

ríst✐❝❛s✳ P❛r❛❧❡❧❛♠❡♥t❡✱ ❡♠ ✶✽✻✾✱ ♦ s✉íç♦ ❋r✐❡❞r✐❝❤ ▼✐❡s❝❤❡r r❡❛❧✐③♦✉ ❡st✉❞♦s ✉t✐❧✐③❛♥❞♦

sê♠❡♥ ❞❡ s❛❧♠ã♦ ❡ ♣✉s ❤✉♠❛♥♦✱ ♦♥❞❡ ❢♦✐ ✐❞❡♥t✐✜❝❛❞♦ ✉♠❛ ❡str✉t✉r❛ ♥✉❝❧❡❛r ❝♦♠ ❛❧t❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ ❢ós❢♦r♦✱ ✐♥✐❝✐❛❧♠❡♥t❡ ❞❡♥♦♠✐♥❛❞❛ ♥✉❝❧❡í♥❛ ❡ ♣♦st❡r✐♦r♠❡♥t❡ r❡❝♦♥❤❡❝✐❞❛

❝♦♠♦ ❉◆❆ ❬✶✱ ✷❪✳

❏á ♥♦ sé❝✉❧♦ ❳❳✱ ♣♦r ✈♦❧t❛ ❞♦s ❛♥♦s ✶✾✹✵✱ ♦ ❜✐♦❢ís✐❝♦ ❛❧❡♠ã♦ ▼❛① ❉❡❧❜rü❝❦✱ ♥♦ ■♥st✐✲

t✉t♦ ❞❡ ❚❡❝♥♦❧♦❣✐❛ ❞❛ ❈❛❧✐❢ór♥✐❛✱ ❝♦♥tr✐❜✉✐✉ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♥❛ ❝♦♠♣r❡❡♥sã♦ ❞♦s ♠❡✲

❝❛♥✐s♠♦s ❞❡ ❤❡r❡❞✐t❛r✐❡❞❛❞❡✱ ♠✉t❛çã♦ ❡ ❡✈♦❧✉çã♦ ❛♦ ❢✉♥❞❛r ♦ ●r✉♣♦ ❋❛❣♦✱ ❞❡❞✐❝❛❞♦ à

✐♥✈❡st✐❣❛çã♦ ❞❛s r❡❧❛çõ❡s ❡♥tr❡ ❣❡♥ét✐❝❛ ❡ ❢ís✐❝❛✳ ❉❡ ♠❛♥❡✐r❛ s✐♠✉❧tâ♥❡❛✱ ♦ ❜✐♦q✉í♠✐❝♦

❛✉strí❛❝♦ ❊r✇✐♥ ❈❤❛r❣❛✛ t❡♥t❛✈❛ ❡st❛❜❡❧❡❝❡r r❡❣r❛s ❡ ♣❛❞rõ❡s s♦❜r❡ ❛s ❜❛s❡s ♥✐tr♦❣❡♥❛✲

❞❛s ♥❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆✱ ❛ ✜♠ ❞❡ ❝♦♥tr✐❜✉✐r ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r

❞♦ ♠❛t❡r✐❛❧ ❣❡♥ét✐❝♦ ❬✸❪✳

P♦✉❝♦ ♠❛✐s ❞❡ ✉♠❛ ❞é❝❛❞❛ ❞❡♣♦✐s✱ ♥♦ ❛♥♦ ❞❡ ✶✾✺✶✱ ❊r✇✐♥ ❈❤❛r❣❛✛ ❡ s❡✉s ❝♦❧❛❜♦r❛✲

❞♦r❡s ❡st✉❞❛♥❞♦ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦ á❝✐❞♦ ❞❡s♦①✐rr✐❜♦♥✉❝❧❡✐❝♦ ❡♠ ♦✉r✐ç♦s✲❞♦✲♠❛r✱

♦❜s❡r✈♦✉ ♣❛❞rõ❡s ♥❛s ❝♦♥❝❡♥tr❛çõ❡s r❡❧❛t✐✈❛s ❞❡ ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s✳ ❆♥♦s ❞❡♣♦✐s✱ ❡ss❛s

♦❜s❡r✈❛çõ❡s ❢♦r❛♠ ❝♦♥✜r♠❛❞❛s ❡♠ ❞✐✈❡rs♦s ♦✉tr♦s ♦r❣❛♥✐s♠♦s✱ ❡st❛❜❡❧❡❝❡♥❞♦ ❛s ❝❤❛♠❛✲

❞❛s ❘❡❣r❛s ❞❡ ❈❤❛r❣❛✛ ❬✹❪✳ ❊ss❛s r❡❣r❛s sã♦ ❢✉♥❞❛♠❡♥t❛✐s ♣❛r❛ ❝♦♠♣r❡❡♥❞❡r ❛ ❡str✉t✉r❛

❡ ❢✉♥çã♦ ❞♦ ❉◆❆✱ ♥❛s q✉❛✐s ♣♦❞❡♠ s❡r r❡s✉♠✐❞❛s ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

■✳ ❆ ❝♦♥❝❡♥tr❛çã♦ ♠♦❧❛r ❞❡ ❆❞❡♥✐♥❛ ❬❆❪✱ é ✐❣✉❛❧ à ❚✐♠✐♥❛ ❬❚❪✱ ❡♥q✉❛♥t♦ ❞❡ ❈✐t♦s✐♥❛

❬❈❪✱ é ✐❣✉❛❧ à ●✉❛♥✐♥❛ ❬●❪✳ ❬❆❪ ❂ ❬❚❪ ❡ ❬❈❪ ❂ ❬●❪✳

✶✹



■■✳ ❆ ♠♦❧❛r✐❞❛❞❡ ❞❡ ♣✉r✐♥❛s ❡♠ ✉♠ ❉◆❆ é ❛ ♠❡s♠❛ ❞❡ ♣✐r✐♠✐❞✐♥❛s✳ ❬❆❪ ✰ ❬●❪ ❂ ❬❈❪ ✰

❬❚❪✳

❆♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ❛✈❛♥ç♦s ❝✐❡♥tí✜❝♦s ❝♦♥t✐♥✉❛r❛♠ ❛ ♠♦❧❞❛r ♥♦ss♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦

❉◆❆✳ ❊♠ ♠❡❛❞♦s ❞♦ sé❝✉❧♦ ❳❳✱ ♦s ❡st✉❞♦s ❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦✲❳✱ r❡❛❧✐③❛❞♦s ♣♦r ❘♦s❛❧✐♥❞

❋r❛♥❦❧✐♥✱ ❢♦r♥❡❝❡r❛♠ ✐♠❛❣❡♥s q✉❡ r❡✈❡❧❛r❛♠ ❛ ❡str✉t✉r❛ ❢ís✐❝❛ ❞♦ ❉◆❆✳ ❆s ❢♦t♦❣r❛✜❛s ❞❡

❞✐❢r❛çã♦ ❞❡ ❋r❛♥❦❧✐♥✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ❛ ❢❛♠♦s❛ ❋♦t♦❣r❛✜❛ ✺✶✱ ❞❡♠♦♥str❛r❛♠ ✉♠❛ ❢♦r♠❛ ❞❡

❤é❧✐❝❡✱ s✉❣❡r✐♥❞♦ ❢♦rt❡♠❡♥t❡ ❛ ♥❛t✉r❡③❛ ❤❡❧✐❝♦✐❞❛❧ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❬✺❪✳

❋✐❣✉r❛ ✷✳✶✿ ❉✐❢r❛çã♦ ❞❡ r❛✐♦s✲① ❞♦ ❉◆❆ ❞❡♠♦♥str❛♥❞♦ ❛ ❡str✉t✉r❛ ❡♠ ❞✉♣❧❛ ❤é❧✐❝❡✱ ♦❜t✐❞❛
♣♦r ❘♦s❛❧✐♥❞ ❋r❛♥❦❧✐♥ ❡ ▼❛✉r✐❝❡ ❲✐❧❦✐♥s ❡♠ ✶✾✺✶ ❬✺❪✳

■♥s♣✐r❛❞♦s ♣♦r ❡ss❡s tr❛❜❛❧❤♦s ❡ ♦❜s❡r✈❛♥❞♦ ♣❛❞rã♦ ♦❜t✐❞♦ ♣♦r ❘♦s❛❧✐♥❞ ❋r❛♥❦❧✐♥ ❡

▼❛✉r✐❝❡ ❲✐❧✐❦✐♥s ✈✐❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲①✱ ❛ss✐♠ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ✜❣✉r❛ ❛♥t❡r✐♦r ✷✳✶✱

❏❛♠❡s ❲❛ts♦♥ ❡ ❋r❛♥❝✐s ❈r✐❝❦ ♣r♦♣✉s❡r❛♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ❤é❧✐❝❡ ❞✉♣❧❛ ♣❛r❛ ❡str✉t✉r❛

tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ❉◆❆✳ P✉❜❧✐❝❛❞♦ ♥♦ ❛♥♦ ❞❡ ✶✾✺✸✱ ♦ ♣r♦♣✉♥❤❛ ❞✉❛s ❝❛❞❡✐❛s ♣♦❧✐♥✉❝❧❡♦tí✲

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

❝♦♠ ❣✉❛♥✐♥❛✮✱ ❢♦r♠❛♥❞♦ ❞✉♣❧❛ ❤é❧✐❝❡✳ ❙❡✉ tr❛❜❛❧❤♦ ♥ã♦ ❛♣❡♥❛s ❡s❝❧❛r❡❝❡✉ ❛ ❡str✉t✉r❛ ❞♦

❉◆❆✱ ♠❛s t❛♠❜é♠ ❧❛♥ç♦✉ ❛s ❜❛s❡s ♣❛r❛ ❛ ♠♦❞❡r♥❛ ❜✐♦❧♦❣✐❛ ♠♦❧❡❝✉❧❛r ❡ ❣❡♥ét✐❝❛✱ r❡✈♦✲

❧✉❝✐♦♥❛♥❞♦ ♥♦ss❛ ❝♦♠♣r❡❡♥sã♦ s♦❜r❡ ❤❡r❡❞✐t❛r✐❡❞❛❞❡ ❡ ❡✈♦❧✉çã♦✳ ❆♥♦s ❞❡♣♦✐s✱ ❲❛ts♦♥✱

❈r✐❝❦ ❡ ❲✐❧❦✐♥s ❢♦r❛♠ ❧❛✉r❡❛❞♦s ❝♦♠ ♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ▼❡❞✐❝✐♥❛ ❡♠ ✶✾✻✷ ♣❡❧♦s s❡✉s

tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s ❛s ❡str✉t✉r❛s ❡ ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❉◆❆ ❬✻✱ ✼❪✳

◆❛s s❡çõ❡s s❡❣✉✐♥t❡s✱ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ✉♠ ♣♦✉❝♦ ♠❛✐s ❞❛ ❡str✉t✉r❛ q✉í♠✐❝❛ r❡s♣♦♥✲

sá✈❡❧ ♣♦r ♠♦❧❞❛r ♦ ❉◆❆✱ ❛❧é♠ ❞♦s ♣r✐♥❝✐♣❛✐s s✉❜✲t✐♣♦s ❡♥❝♦♥tr❛❞♦s ♥❛ ♥❛t✉r❡③❛✳

✷✳✷ ❊str✉t✉r❛ ❞♦ ❉◆❆

❆ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ é ❢♦r♠❛❞❛ ♣♦r q✉❛tr♦ ♥✉❝❧❡♦tí❞❡♦s ❜ás✐❝♦s✱ ❝❛❞❛ ✉♠ ❞✐❢❡r❡♥❝✐❛❞♦

♣❡❧❛ s✉❛ ❜❛s❡ ♥✐tr♦❣❡♥❛❞❛✳ ❈❛❞❛ ♥✉❝❧❡♦tí❞❡♦ é ❝♦♠♣♦st♦ ♣♦r ✉♠ ❣r✉♣♦ ❢♦s❢❛t♦ ✭PO−

4 ✮✱

✉♠ ❛çú❝❛r ❞♦ t✐♣♦ ♣❡♥t♦s❡ ✭♥♦ ❝❛s♦ ❞♦ ❉◆❆✱ ❛ ❞❡s♦①✐rr✐❜♦s❡✮ ❡ ✉♠❛ ❜❛s❡ ♥✐tr♦❣❡♥❛❞❛✳

✶✺



◆❛ ✐❧✉str❛çã♦ ✷✳✷ ♣♦❞❡♠♦s ✈✐s✉❛❧✐③❛r ❝♦♠ ♠❛✐♦r ❝❧❛r❡③❛ ❛ ♠❛♥❡✐r❛ ♥❛ q✉❛❧ ❡ss❡s ❣r✉♣♦s

❢✉♥❝✐♦♥❛✐s ❡st❛❜❡❧❡❝❡♠ ❧✐❣❛çõ❡s q✉í♠✐❝❛s ❡♥tr❡ s✐✳

❋✐❣✉r❛ ✷✳✷✿ ❊str✉t✉r❛ q✉í♠✐❝❛ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❝♦♠ ♣❛r❡s ❞❡ ❜❛s❡✳ ❆❞❛♣t❛❞♦ ❞❡ ❬✽❪

❆s ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ♠❛♥✉t❡♥çã♦ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❡♥tr❡ ❛s ❝❛❞❡✐❛s✱

s❡♥❞♦ r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❞✐st✐♥çã♦ ❡♥tr❡ ♦s ♥✉❝❧❡♦tí❞❡♦s✳ ❊♠ t❡r♠♦s ❞❡ ❝❧❛ss✐✜❝❛çã♦✱ ❡ss❛s

❡str✉t✉r❛s sã♦ ❞✐✈✐❞✐❞❛s ❡♠ ❞♦✐s ❣r✉♣♦s✿ ❛s ♣✉r✐♥❛s✱ q✉❡ ✐♥❝❧✉❡♠ ❛❞❡♥✐♥❛ ✭❆✮ ❡ ❣✉❛♥✐♥❛

✭●✮✱ ❡ ❛s ♣✐r✐♠✐❞✐♥❛s✱ ❝♦♠♣♦st❛s ♣♦r ❝✐t♦s✐♥❛ ✭❈✮ ❡ t✐♠✐♥❛ ✭❚✮ ❬✾❪✳

❆s ♣✐r✐♠✐❞✐♥❛s✱ ❝✐t♦s✐♥❛ ❡ t✐♠✐♥❛ ♣♦ss✉❡♠ ✉♠❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r s✐♠♣❧❡s✱ ❝♦♠ ❛♣❡✲

♥❛s ✉♠ ❛♥❡❧✱ ♣❡r♠✐t✐♥❞♦ ✐♥t❡r❛çõ❡s ❡s♣❡❝í✜❝❛s✱ ❝♦♠♦ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❞❡ ❜❛s❡s ❝♦♠♣❧❡✲

♠❡♥t❛r❡s ♥♦ ❉◆❆✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s ♣✉r✐♥❛s✱ ❛❞❡♥✐♥❛ ❡ ❣✉❛♥✐♥❛✱ ❛♣r❡s❡♥t❛♠ ❞♦✐s ❛♥é✐s✱

♣♦ss✉✐♥❞♦ ❛ss✐♠ ✉♠❛ ❡str✉t✉r❛ ♠❛✐s ❝♦♠♣❧❡①❛✱ ♣♦❞❡♥❞♦ ♣❛rt✐❝✐♣❛r ❞❡ ✉♠❛ ✈❛r✐❡❞❛❞❡

♠❛✐♦r ❞❡ ✐♥t❡r❛çõ❡s ♠♦❧❡❝✉❧❛r❡s✱ ✐♥❝❧✉✐♥❞♦ ♣r♦❝❡ss♦s ♠❡t❛❜ó❧✐❝♦s ❡ s✐♥❛❧✐③❛çã♦ ❝❡❧✉❧❛r

❬✶✵❪✳

◆❛ ❋✐❣✉r❛ ✷✳✸ t❡♠♦s ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ✈✐s✉❛❧ ❞❡ss❛ ❞✐st✐♥çã♦ ❡str✉t✉r❛❧✱ ❞❡st❛❝❛♥❞♦

❛ ♦r❣❛♥✐③❛çã♦ ❞♦s ❛♥é✐s q✉❡ ❝♦♠♣õ❡♠ ❝❛❞❛ ❣r✉♣♦ ❞❡ ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s✳

❋✐❣✉r❛ ✷✳✸✿ ❇❛s❡s ♥✐tr♦❣❡♥❛❞❛s ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❬✶✶❪✳

❆ ❢♦r♠❛çã♦ ❡♠ ✜t❛ ❞❛ ❡str✉t✉r❛ ❞♦ ❉◆❆ é ✉♠ ♣r♦❝❡ss♦ ❡ss❡♥❝✐❛❧ ❡ ❝♦♠♣❧❡①♦✱ ❝✉❥❛

✶✻



❡st❛❜✐❧✐❞❛❞❡ ❞❡♣❡♥❞❡ ❞❛ ❧✐❣❛çã♦ ❢♦s❢♦❞✐ést❡r✱ ❝♦✈❛❧❡♥t❡✱ q✉❡ ❡①❡r❝❡ ✉♠❛ ✐♥t❡r❛çã♦ ❢✉♥✲

❞❛♠❡♥t❛❧ ❡♥tr❡ ♦s ♥✉❝❧❡♦tí❞❡♦s ❛❞❥❛❝❡♥t❡s ♥❛ ❝❛❞❡✐❛ ❞❡ ❉◆❆✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ✉♠

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

♠♦❧é❝✉❧❛✳ ❊ss❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♦s ♥✉❝❧❡♦tí❞❡♦s ❛❞❥❛❝❡♥t❡s é ❞❡ s✉♠❛ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛

✐♥t❡❣r✐❞❛❞❡ ❞❛ ♠♦❧é❝✉❧❛✱ ✉♠❛ ✈❡③ q✉❡ ❣❛r❛♥t❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❛ ❡str✉t✉r❛ ❡ tr❛♥s♠✐t❡ ❛

✐♥❢♦r♠❛çã♦ ❣❡♥ét✐❝❛ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❤❡r❡❞✐t❛r✐❡❞❛❞❡ ❬✶✷❪✳

❆ ❧✐❣❛çã♦ ❢♦s❢♦❞✐ést❡r ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ♥❛ ❡str✉t✉r❛ ❞♦ ❉◆❆ ❛♦

❝♦♥❡❝t❛r ♦s ♥✉❝❧❡♦tí❞❡♦s ♥❛ ♠❡s♠❛ ✜t❛✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡

♦s ♣❛r❡s ❞❡ ❜❛s❡s sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❛s ❞✉❛s ✜t❛s ❞❡ ❉◆❆✱ ♠❛♥t❡♥❞♦✲❛s

✉♥✐❞❛s ❡ ♣❡r♠✐t✐♥❞♦ ❛ ❢♦r♠❛çã♦ ❞❛ ❡str✉t✉r❛ ❞❡ ❞✉♣❧❛ ❤é❧✐❝❡✳ ❙❡♠ ❡ss❛s ❧✐❣❛çõ❡s ❞❡ ❤✐✲

❞r♦❣ê♥✐♦✱ ❛s ✜t❛s ❞❡ ❉◆❆ ♣♦❞❡r✐❛♠ s❡ s❡♣❛r❛r ❢❛❝✐❧♠❡♥t❡✱ ❝♦♠♣r♦♠❡t❡♥❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡

❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❞❡s❡♠♣❡♥❤❛r s✉❛s ❢✉♥çõ❡s ❜✐♦❧ó❣✐❝❛s ❡ss❡♥❝✐❛✐s ❬✶✸❪✳

❆ s✐♠❡tr✐❛ ♥❛ ❡str✉t✉r❛ ❞♦ ❉◆❆ ♦r❣❛♥✐③❛ ❛ ♠♦❧é❝✉❧❛ ❞❡ ♠❛♥❡✐r❛ ♣r❡❝✐s❛✳ ❆ ♣❡♥t♦s❡✱

q✉❡ ❢♦r♠❛ s❡✉ ✧❡sq✉❡❧❡t♦✧✱ ♣♦ss✉✐ ❝❛r❜♦♥♦s ♥✉♠❡r❛❞♦s ✖ ✉♠❛ ❝♦♥✈❡♥çã♦ q✉❡ ❢❛❝✐❧✐t❛ ❛

❝♦♠♣r❡❡♥sã♦ ❡ ❝♦♠✉♥✐❝❛çã♦ s♦❜r❡ ❛ ❡str✉t✉r❛ ❞♦ ❉◆❆✳ ❆ ❧✐❣❛çã♦ ❡♥tr❡ ♦ ❝❛r❜♦♥♦ ✺✬ ❞❡

✉♠❛ ♣❡♥t♦s❡ ❡ ♦ ❣r✉♣♦ ❢♦s❢❛t♦ é ❡stá✈❡❧✱ ❡♥q✉❛♥t♦ ♦ ❝❛r❜♦♥♦ ✶✬ ❞❛ ♣❡♥t♦s❡ ❡stá s❡♠♣r❡

❛ss♦❝✐❛❞♦ à ❜❛s❡ ♥✐tr♦❣❡♥❛❞❛✳ ❊ss❛ ♦r❣❛♥✐③❛çã♦ ♣❡r♠✐t❡ q✉❡ ♦ ❣r✉♣♦ ❢♦s❢❛t♦ ❞❡ ✉♠ ♥✉❝❧❡✲

♦tí❞❡♦ s❡ ✉♥❛ ❛♦ ❝❛r❜♦♥♦ ✸✬ ❞❡ ♦✉tr♦ ♥✉❝❧❡♦tí❞❡♦✱ ❢♦r♠❛♥❞♦ ❛ ❝❛❞❡✐❛ ❞❡ ❉◆❆✳ ❆ ❝♦❡rê♥❝✐❛

♥❛ ❞✐r❡çã♦ ❞❛ ❧✐❣❛çã♦ ❢♦s❢♦❞✐ést❡r é ❡ss❡♥❝✐❛❧✱ ✉♠❛ ✈❡③ q✉❡ ❡st❛❜❡❧❡❝❡ ❛ ♦r✐❡♥t❛çã♦ ❡s♣❡✲

❝í✜❝❛ ❞❛ ✜t❛ ❞❡ ❉◆❆ ❡ ♠❛♥té♠ ❛ ✐♥t❡❣r✐❞❛❞❡ ❡str✉t✉r❛❧ ❞❛ ♠♦❧é❝✉❧❛✱ ♥♦ s❡♥t✐❞♦ ✺✬−→✸✬

❬✶✹❪✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥♦ ❞✐❛❣r❛♠❛ ✷✳✹✳

❆ ❡str✉t✉r❛ ❞❛ s❡❣✉♥❞❛ ✜t❛ é ❣❡r❛❞❛ ♣❡❧❛ ❛çã♦ ❞❛ ❡♥③✐♠❛ ♣♦❧✐♠❡r❛s❡✱ q✉❡ s✐♥t❡t✐③❛

✉♠❛ ♥♦✈❛ ✜t❛ ❞❡ ❉◆❆ ❝♦♠ ♦r✐❡♥t❛çã♦ ✸✬ ♣❛r❛ ✺✬✳ ■ss♦ r❡s✉❧t❛ ❡♠ ❞✉❛s ✜t❛s ❞❡ ❝♦♠♣r✐✲

♠❡♥t♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧✱ ✉♥✐❞❛s ♣♦r ✐♥t❡r❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❞✐s♣♦st❛s ❛♥t✐♣❛r❛✲

❧❡❧❛♠❡♥t❡✳ ❆s ♣♦♥t❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ sã♦ ❡st❛❜❡❧❡❝✐❞❛s ❡♥tr❡ ✉♠❛ ♣✉r✐♥❛ ❡ ✉♠❛ ♣✐r✐♠✐❞✐♥❛✱

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

♦s ♣❛r❡s ❞❡ ❜❛s❡ ❬✶✺❪✳

❯♠❛ ✈❡③ q✉❡ ❛♠❜❛s ❛s ✜t❛s sã♦ ❞❡s❡♥✈♦❧✈✐❞❛s✱ é ♣♦ssí✈❡❧ ❞✐♠❡♥s✐♦♥❛r ❛s ❡str✉t✉r❛s

❞♦ ❉◆❆✳ ❆ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡ ❛❞❥❛❝❡♥t❡s é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✸✹ ♥♠✱ ❡♥✲

q✉❛♥t♦ ♦ ❞✐â♠❡tr♦ ❞❛ ❤é❧✐❝❡ é ❝❡r❝❛ ❞❡ ✷✱✵ ♥♠✳

❖s ♣r♦❝❡ss♦s q✉í♠✐❝♦s r❡❧❛❝✐♦♥❛❞♦s ❛ ❡str✉t✉r❛ q✉í♠✐❝❛ ❞♦ ❉◆❆✱ ♣♦r ❡①❡♠♣❧♦ ♦ t✐♣♦

❞❡ ❧✐❣❛çã♦ ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡✱ ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s✱ ❞❡s♦①✐rr✐❜♦s❡✱ sã♦ ♦s ♠❡s♠♦s ♣❛r❛

q✉❛❧q✉❡r t✐♣♦ ❞❡ ❉◆❆✳ ◆♦ ❡♥t❛♥t♦✱ é ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❉◆❆✱ ♥❛s

q✉❛✐s ❛s ♣r✐♥❝✐♣❛✐s ❞✐❢❡r❡♥ç❛s ❛♣❛r❡❝❡♠ q✉❛♥❞♦ ❝♦♠♣❛r❛♠♦s ♦s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s✳

✶✼



❋✐❣✉r❛ ✷✳✹✿ ❊str✉t✉r❛ ❞✐♠❡♥s✐♦♥❛❞❛ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❡ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❞♦s ♣❛r❡s ❞❡
❜❛s❡ ❬✶✻❪✳

✷✳✸ ❚✐♣♦s ❞❡ ❉◆❆

❆ ❡str✉t✉r❛ q✉í♠✐❝❛ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ é ❝♦♥s❡r✈❛❞❛ ❡♠ t♦❞♦s ♦s s❡r❡s ✈✐✈♦s✱ ♣❡r♠✐✲

t✐♥❞♦ ❛ ❣❡♥❡r❛❧✐③❛çã♦ ❞♦ ❡st✉❞♦ ❝♦♠ q✉❛❧q✉❡r t✐♣♦ ❞❡ ♦r❣❛♥✐s♠♦ ❞❡s❞❡ q✉❡ ❛s ❝♦♥❞✐çõ❡s

❞♦ ♠❡✐♦ ♥♦ q✉❛❧ ❡❧❡ s❡ ❡♥❝♦♥tr❛ s❡❥❛ ❝♦♥s❡r✈❛❞❛✳ ❚♦❞♦s ♦s ✐♥❞✐✈í❞✉♦s ❝♦♠♣❛rt✐❧❤❛♠ ♦

♠❡s♠♦ ❡♠♣❛r❡❧❤❛♠❡♥t♦ ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡s✱ ✉♠❛ ♣❡♥t♦s❡ ❞♦ t✐♣♦ ❞❡s♦①✐rr✐❜♦s❡ ❡ ✉♠

❣r✉♣♦ ❢♦s❢❛t♦ ❬✶✼❪✳

❆♣❡s❛r ❞❛ s❡♠❡❧❤❛♥ç❛ ♥❛ ❡str✉t✉r❛ ❜ás✐❝❛✱ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦s ✐♥❞✐✈í❞✉♦s r❡s✐❞❡♠

♥❛ r❡❧❛çã♦ ❡♥tr❡ ❛s ❝♦♥❝❡♥tr❛çõ❡s ♠♦❧❛r❡s ❞♦s ♣❛r❡s ❞❡ ❜❛s❡s ❡ ♥❛s ✈❛r✐❛çõ❡s ♥♦ ❢♦r♠❛t♦

❞❛ ♠♦❧é❝✉❧❛✳ ◆❛ ♥❛t✉r❡③❛✱ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♠❛✐s ❞❡ ❞❡③ ❢♦r♠❛s ❞✐❢❡r❡♥t❡s ❞❡ ❉◆❆✱

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

r❛çõ❡s ♥♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❞❛ ♠♦❧é❝✉❧❛✱ ❝♦♠♦ ♦ ❞✐â♠❡tr♦ ❞❛ ❞✉♣❧❛ ❤é❧✐❝❡ ❡ ❛

❧♦❝❛❧✐③❛çã♦ ❞❛s ❧✐❣❛çõ❡s ♥❛ ❞❡s♦①✐rr✐❜♦s❡ ❬✶✽❪✳

❊♥tr❡ ❛s ❞✐✈❡rs❛s ❝♦♥❢♦r♠❛çõ❡s ❞♦ ❉◆❆ ♣r❡s❡♥t❡s ♥❛ ♥❛t✉r❡③❛✱ ❞❡st❛❝❛♠✲s❡ ❛s ❢♦r♠❛s

❆✱ ❇ ❡ ❩ ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✷✳✺✳ ❊ss❛s ❞✐❢❡r❡♥t❡s ❝♦♥❢♦r♠❛çõ❡s ♣♦❞❡♠ s✉r❣✐r ❞❡✈✐❞♦

❛ ✈❛r✐❛çõ❡s ♥❛s ❝♦♥❞✐çõ❡s ❛♠❜✐❡♥t❛✐s ♦✉ ❛ ✐♥t❡r❛çõ❡s ❝♦♠ ♣r♦t❡í♥❛s ❡s♣❡❝í✜❝❛s✱ ❡ ❝❛❞❛

✉♠❛ ❞❡❧❛s ♣♦ss✉✐ ♣r♦♣r✐❡❞❛❞❡s ú♥✐❝❛s q✉❡ ♣♦❞❡♠ ✐♥✢✉❡♥❝✐❛r s✉❛ ❢✉♥çã♦ ❜✐♦❧ó❣✐❝❛ ❡ s✉❛

✐♥t❡r❛çã♦ ❝♦♠ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s ❝❡❧✉❧❛r❡s ❬✶✾❪✳

✶✽



❋✐❣✉r❛ ✷✳✺✿ ❋♦r♠❛s ❆✱ ❇ ❡ ❩ ❞♦ ❉◆❆✳ ❆❞❛♣t❛❞♦ ❞❡ ❬✷✵❪

❖ ❉◆❆ ❞❡ ❢♦r♠❛ ❆ é ✼✺✪ ♠❡♥♦s ❤✐❞r❛t❛❞♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛ ❢♦r♠❛ ❇✱ ♣r♦✈♦❝❛♥❞♦

❛ss✐♠ ✉♠❛ ❡str✉t✉r❛ ♠❛✐s ❝✉rt❛ ❡ ❛❢❛st❛♠❡♥t♦ r❡❧❛t✐✈♦ ♠❡♥♦r ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡ ❞❛

♠♦❧é❝✉❧❛✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ❛ss✐♠ ♠❛✐s ♣❛r❡s ❞❡ ❜❛s❡ ♣❛r❛ r❡❛❧✐③❛r ✉♠❛ ✈♦❧t❛ ❝♦♠♣❧❡t❛ ♥❛

❞✉♣❧❛ ❤é❧✐❝❡ ❬✷✶❪✳ ◗✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ❉◆❆ ❞♦ t✐♣♦ ❩ ❝♦♠ ♦s ❞❡♠❛✐s ❝✐t❛❞♦s✱ ❢♦r♠❛s

❆ ❡ ❇✱ t❡♠♦s ❛ ❡str✉t✉r❛ ♠❛✐s ❞✐❢❡r❡♥t❡ ❞❡ t♦❞❛s✱ ♠❛s ❛✐♥❞❛ ❛ss✐♠ ✐♠♣♦rt❛♥t❡ ✉♠❛ ✈❡③

q✉❡ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ❡♠ ❜❛❝tér✐❛s✱ s❡r❡s ❡✉❝❛r✐♦♥t❡s ❡ ✈ír✉s✳ ❊♥tr❡ ♦s ❢♦r♠❛t♦s ♠❡♥✲

❝✐♦♥❛❞♦s✱ é ♦ q✉❡ ❛♣r❡s❡♥t❛ ❛ ❞✉♣❧❛ ❤é❧✐❝❡ ♠❛✐s ❡str❡✐t❛ ❡ ♦ ♠❛✐s ❝♦♠♣r✐❞♦ ❡♠ t❡r♠♦s ❞❡

❡①t❡♥sã♦ ❬✶✾✱ ✷✷❪✳

P❛râ♠❡tr♦ ❉◆❆ ✲ ❆ ❉◆❆ ✲ ❇ ❉◆❆ ✲ ❩
❖r✐❡♥t❛çã♦ ❞❛ ❤é❧✐❝❡ ❉✐r❡✐t❛ ❉✐r❡✐t❛ ❊sq✉❡r❞❛

P❛r❡s ❞❡ ❜❛s❡ ♣♦r ✈♦❧t❛ ✶✶ ✶✵ ✶✷
❆❢❛st❛♠❡♥t♦ ♣❛r❡s ❞❡ ❜❛s❡ ❛❞❥❛❝❡♥t❡s ✭♥♠✮ ✵✱✷✻ ✵✱✸✹ ✵✱✹✻

➶♥❣✉❧♦ ❞❡ t♦rçã♦ ❞❛ ❤é❧✐❝❡ ✸✸◦ ✸✻◦ ✲✸✵◦

❉✐â♠❡tr♦ ❞❛ ❜❛s❡ ✭♥♠✮ ✷✱✸ ✷✱✵ ✶✱✽

❚❛❜❡❧❛ ✷✳✶✿ ❈♦♠♣❛r❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s ❞♦s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❉◆❆✳ ❆❞❛♣✲
t❛❞♦ ❞❡ ❬✶✽❪✳

◆♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛✱ é ❡♠♣r❡❣❛❞♦ ♦ λ✲❉◆❆✱ ❝✉❥❛ ♦r✐❣❡♠ ❡stá ❡♠ ✉♠ ✈ír✉s

r❡s♣♦♥sá✈❡❧ ♣♦r ❝♦♥t❛♠✐♥❛r ❛ ❜❛❝tér✐❛ ❊s❝❤❡r✐❝❤✐❛ ❝♦❧✐✳ ❊ss❡ λ✲❉◆❆ ♣♦ss✉✐ ❝❛r❛❝t❡ríst✐❝❛s

❞❡ ✉♠ ❉◆❆ t✐♣♦ ❇✱ ❝♦♥t❡♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✽✳✺✵✵ ♣❛r❡s ❞❡ ❜❛s❡s✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠

❝♦♠♣r✐♠❡♥t♦ ❡st✐♠❛❞♦ ❞❡ ✶✻✱✺ µ♠✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ s✉❛s ❞✐♠❡♥sõ❡s s❡ t♦r♥❛♠ ❛❞❡q✉❛❞❛s

♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ ❬✷✸❪✳

✶✾



❈❛♣ít✉❧♦ ✸

❋ís✐❝❛ ❞❡ ♣♦❧í♠❡r♦s✿ ▼♦❧é❝✉❧❛ ❞❡ ❉◆❆

◆❡st❡ ❝❛♣ít✉❧♦✱ ♣r❡t❡♥❞❡✲s❡ ♠♦str❛r ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ s♦❜ ❛ ♣❡rs♣❡❝t✐✈❛ ❞❛ ❢ís✐❝❛

❞❡ ♣♦❧í♠❡r♦s✱ ❞✐s❝✉t✐♥❞♦ ❛ ♦r✐❣❡♠ ❡ ♦ s✐❣♥✐✜❝❛❞♦ ❞♦s ♣r✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s ❞❛

♠♦❧é❝✉❧❛✳

✸✳✶ ▼❡❝â♥✐❝❛ ❞❡ ♣♦❧í♠❡r♦s

❯♥✐❞❛❞❡s q✉❡ s❡ r❡♣❡t❡♠ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ ♠❛❝r♦♠♦❧é❝✉❧❛ sã♦ ❝❤❛♠❛❞❛s ❞❡ ♠❡r♦s✳

◗✉❛♥❞♦ ❡ss❛s ✉♥✐❞❛❞❡s s❡ ❛❞✐❝✐♦♥❛♠ ❢♦r♠❛♥❞♦ ✉♠❛ ❝❛❞❡✐❛ ❡①t❡♥s❛ ✈✐❛ ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥✲

t❡s✱ t❡♠♦s ❝♦♠♦ r❡s✉❧t❛❞♦ ✉♠ ♣♦❧í♠❡r♦✳ ❆♦ ❛♥❛❧✐s❛r ❛ ❡str✉t✉r❛ ❞❛ ❞✉♣❧❛ ❤é❧✐❝❡ ❞♦ ❉◆❆

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

❤é❧✐❝❡✳ ❉❡ss❛ ❢♦r♠❛✱ ❛♦ ❡①❛♠✐♥❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❧♦❜❛❧ ♣❡r❝❡❜❡♠♦s ❛ ❢♦r♠❛çã♦ ❞❡

✉♠❛ ❡str✉t✉r❛ ♣♦❧✐♠ér✐❝❛✱ ♥♦s ♣❡r♠✐t✐♥❞♦ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ r❡❛❧✐③❛r ✉♠❛ ❛♥á❧✐s❡ ❞♦ ❉◆❆

s❡♠ ♥♦s ♣r❡♦❝✉♣❛r♠♦s ❝♦♠ ❛ ❡str✉t✉r❛ q✉í♠✐❝❛ ❞♦s ♥✉❝❧❡♦tí❞❡♦s ❡ ❛♣❧✐❝❛r ♠❡t♦❞♦❧♦❣✐❛s

s✐♠✐❧❛r❡s às ❡st✉❞❛❞❛s ♥❛ ár❡❛ ❞❡ ❋ís✐❝❛ ❞♦s P♦❧í♠❡r♦s ❬✷✹✱ ✷✺✱ ✷✻❪✳

◆❛ ❋ís✐❝❛ ❞❡ P♦❧í♠❡r♦s✱ ❞♦✐s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s ❢✉♥❞❛♠❡♥t❛✐s sã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐✲

❧✐③❛❞♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❡ss❡s ♠❛t❡r✐❛✐s✿ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ ✭▲✮ ❡ ❛ ♣❡rs✐stê♥❝✐❛

✭❆✮✳ ❖ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ é ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ ❡①t❡♥sã♦ t♦t❛❧ ❞❛ ❝❛❞❡✐❛ ♣♦❧✐♠ér✐❝❛

❡♠ s✉❛ ❝♦♥❢♦r♠❛çã♦ ❧✐♥❡❛r✳ ◆♦ ❝❛s♦ ❞♦ ✏❉◆❆ ♥❛t✉r❛❧✑ ✶✱ ❡ss❡ ♣❛râ♠❡tr♦ é ❞❡t❡r♠✐♥❛❞♦

♣❡❧♦ ♥ú♠❡r♦ ❡ t❛♠❛♥❤♦ ❞♦s ♣❛r❡s ❞❡ ❜❛s❡✳ ❏á ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ é ✉♠❛ ♠❡✲

❞✐❞❛ ❞❛ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❞❡ ♣❡rt✉r❜❛çõ❡s ❧♦❝❛✐s ♥❛ ❝♦♥❢♦r♠❛çã♦ ❞❛ ♠♦❧é❝✉❧❛✳ ❊♠ ✉♠

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

❞❛ ❝❛❞❡✐❛ ♣♦❧✐♠ér✐❝❛✱ ❡♥q✉❛♥t♦ ♥♦ ❝❛s♦ ❝♦♥tí♥✉♦✱ é ❞❡s❝r✐t❛ ♣♦r ♠❡✐♦ ❞❛ ❢✉♥çã♦ ❞❡ ❛✉✲

t♦❝♦rr❡❧❛çã♦ ❞♦s ✈❡t♦r❡s t❛♥❣❡♥t❡s à ❡str✉t✉r❛✳ ❉❡ss❛ ❢♦r♠❛✱ q✉❛♥t♦ ♠❛✐♦r ❛ r✐❣✐❞❡③ ❞♦

♠❛t❡r✐❛❧✱ ♠❛✐♦r s❡rá s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❬✷✼❪✳

❆ ❝♦♠♣❛r❛çã♦ ❞❛s ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦✱ ♣❡rs✐stê♥❝✐❛ ❡ ❝♦♥t♦r♥♦✱ é ❡ss❡♥❝✐❛❧ ♣❛r❛

❝❧❛ss✐✜❝❛r ♦s ♣♦❧í♠❡r♦s✱ ♣❡r♠✐t✐♥❞♦ ❞❡t❡r♠✐♥❛r s❡ ❡st❛♠♦s ❧✐❞❛♥❞♦ ❝♦♠ ✉♠ ♣♦❧í♠❡r♦ ❡♠

✶◆❡st❡ ❝♦♥t❡①t♦✱ ❝♦♥s✐❞❡r❛✲s❡ ✧❉◆❆ ♥❛t✉r❛❧✧❛q✉❡❧❡ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❧✐❣❛♥t❡s✳
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✉♠ r❡❣✐♠❡ ❞❡ ❝❛❞❡✐❛ rí❣✐❞❛✱ ♦♥❞❡ ❛ ♣❡rs✐stê♥❝✐❛ é s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛✐♦r q✉❡ ♦ ❝♦♠♣r✐✲

♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦✱ ♦✉ ❡♠ ✉♠ r❡❣✐♠❡ ❞❡ ❝❛❞❡✐❛ ✢❡①í✈❡❧✱ ♦♥❞❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦

é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ♣❡rs✐stê♥❝✐❛✱ ❝♦♠♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✸✳✶✳ ❚❛♠❜é♠ ♣♦❞❡♠♦s

❡♥❝♦♥tr❛r ✉♠ r❡❣✐♠❡ ✐♥t❡r♠❡❞✐ár✐♦✱ ♦♥❞❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ é ♠❛✐♦r q✉❡ ❛ ♣❡r✲

s✐stê♥❝✐❛ ❬✷✽❪✳

❋✐❣✉r❛ ✸✳✶✿ ❘✐❣✐❞❡③ ❞❡ ✉♠ ♣♦❧í♠❡r♦ s♦❜ ♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❣❡♦♠étr✐❝♦✳ ❛✮ ❘í❣✐❞♦✿ ❆≫ ▲ ❀
❜✮ ❙❡♠✐✢❡①í✈❡❧✿ ❆ < ▲❀ ❝✮ ❋❧❡①í✈❡❧✿ ❆≪ ▲ ❬✷✾❪✳

❖ λ✲❉◆❆✱ ❡♠ s✉❛ ❢♦r♠❛ ♥❛t✉r❛❧✱ ❡①✐❜❡ ❝❛r❛❝t❡ríst✐❝❛s ♠❡❝â♥✐❝❛s q✉❡ ❡stã♦ ❡♠ ✉♠

♣♦♥t♦ ✐♥t❡r♠❡❞✐ár✐♦ ❡♥tr❡ ♦ r❡❣✐♠❡ rí❣✐❞♦ ❡ ♦ ✢❡①í✈❡❧✳ ❙✉❛s ❞✐♠❡♥sõ❡s✱ ❝♦♠ ✉♠ ✈❛❧♦r ❞❡

A ∼ 50× 10−9 ♠ ♣❛r❛ ♦ ♣❛râ♠❡tr♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❡ L ∼ 16, 5× 10−7 ♠ ♣❛r❛ ♦ ❝♦♠♣r✐✲

♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦✱ ❝♦❧♦❝❛♠✲♥♦ ♥❛ ❝❛t❡❣♦r✐❛ ❞❡ ♣♦❧í♠❡r♦s s❡♠✐✲✢❡①í✈❡✐s ❬✸✵❪✳

❊♠ s♦❧✉çã♦ ❛q✉♦s❛✱ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❡stá s✉❥❡✐t❛ ❛ ❝♦❧✐sõ❡s ❝♦♠ ♦✉tr❛s ♣❛rtí❝✉❧❛s✱ ♦

q✉❡ ♣♦❞❡ r❡s✉❧t❛r ❡♠ ♠♦❞✐✜❝❛çõ❡s ❛té ❛t✐♥❣✐r ✉♠ ♥♦✈♦ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦✳ ❊ss❛s ❝♦♥❢♦r✲

♠❛çõ❡s ❞❡♣❡♥❞❡♠ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❝♦♠♣♦s✐çã♦ ❞♦ ♠❡✐♦ ❬✸✶❪✳ P♦rt❛♥t♦✱ ❛

❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ ❢♦rç❛ ❡①t❡r♥❛ ❡♠ ✉♠❛ ❞❛s ♣♦♥t❛s t❛♠❜é♠ ♣♦❞❡ ❝❛✉s❛r ❞❡❢♦r♠❛çõ❡s ♥❛

❡①t❡♥sã♦ ❡ ♥♦ ❣✐r♦ ❞❛ ❡str✉t✉r❛✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ❣❛st❛r ❡♥❡r❣✐❛ ♣❛r❛ ♠♦❞✐✜❝❛r ❛ ♠♦❧é❝✉❧❛

❡♠ r❡❧❛çã♦ à s✉❛ ❝♦♥❢♦r♠❛çã♦ ✐♥✐❝✐❛❧ ❬✸✷❪✳

❆♦ ❛✉♠❡♥t❛r ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ♠❡✐♦✱ ❛✉♠❡♥t❛♠♦s ❛ t❛①❛ ❞❡ ❝♦❧✐sõ❡s ❝♦♠ ❛ ♠♦❧é❝✉❧❛

❞❡ ❉◆❆✱ ❧❡✈❛♥❞♦ ❛ ✉♠ ❛✉♠❡♥t♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❞♦❜r❛s ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ✉♠❛ ♠❛✐♦r

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

t❡♠❛✳ ❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛✱ ❡♠ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ t❡♥❞❡ ❛ ✜❝❛r ♠❛✐s

rí❣✐❞❛✱ ❛ss❡♠❡❧❤❛♥❞♦✲s❡ ❛ ✉♠❛ ✈❛r❡t❛ rí❣✐❞❛✱ ❞✐♠✐♥✉✐♥❞♦ ❛ ❡♥tr♦♣✐❛ ❬✸✸❪✳

✸✳✷ ▼♦❞❡❧♦ ❞❡ ❑r❛t❦② ✲ P♦r♦❞

❖ ♠♦❞❡❧♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❖tt♦ ❑r❛t❦② ❡ ●ü♥t❤❡r P♦r♦❞ ❡♠ ✶✾✹✾ r❡♣r❡s❡♥t♦✉ ✉♠

♠❛r❝♦ ♥❛ ❝♦♠♣r❡❡♥sã♦ ❞❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❝✉r✈❛t✉r❛ ❞❡ ✉♠ ♣♦❧í♠❡r♦ ❡ s✉❛ ❡♥❡r❣✐❛✳ P♦r

♠❡✐♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ❛ té❝♥✐❝❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ r❛✐♦✲❳✱ ❝♦♥❞✉③✐❞♦s ❝♦♠ ♦ ❝♦♠✲

♣♦st♦ ♣♦❧✐❝❧♦r❡t♦ ❞❡ ✈✐♥✐❧❛✱ ❡❧❡s ❡st❛❜❡❧❡❝❡r❛♠ ✉♠❛ ❝♦♥❡①ã♦ ❞✐r❡t❛ ❡♥tr❡ ❛ ❣❡♦♠❡tr✐❛ ♠♦✲

❧❡❝✉❧❛r ❞♦ ♣♦❧í♠❡r♦ ❡ s✉❛ ❡♥❡r❣✐❛ ❬✸✹❪✳

◆❛ s❡q✉ê♥❝✐❛ s❡rá ❞❡♠♦♥str❛❞♦ ❝♦♠♦ ♦❜t❡r ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠❛ ❝❛❞❡✐❛ ♣♦❧✐♠ér✐❝❛ ❡♠

❢✉♥çã♦ ❞❛ ❝✉r✈❛t✉r❛ ❡ ❞❡ s❡✉s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s✳
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❋✐❣✉r❛ ✸✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞❡ ✉♠ ♣♦❧í♠❡r♦ ❛r❜✐trár✐♦✱ ❝✉❥♦ ⃗r(s′) ❡ ⃗r(s′′) r❡♣r❡✲
s❡♥t❛♠ ✈❡t♦r❡s q✉❡ ❧♦❝❛❧✐③❛♠ ♣♦♥t♦s ❛r❜✐trár✐♦s ❞♦ ♣♦❧í♠❡r♦ ❡ ♦s ⃗t(s′) ❡ ⃗t(s′′) ✈❡t♦r❡s
t❛♥❣❡♥t❡s ❛ ❡ss❡s ♣♦♥t♦s✳

P♦❞❡♠♦s ❞❡✜♥✐r ❛ ❝✉r✈❛t✉r❛ ❞❡ ✉♠❛ ❝✉r✈❛ ❝♦♠♦ ❛ t❛①❛ ❞❡ ✈❛r✐❛çã♦ ❞♦ ✈❡t♦r t❛♥❣❡♥t❡

❡♠ r❡❧❛çã♦ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❛r❝♦ ❞❛ ❝✉r✈❛✳ ◆❛ ❋✐❣✉r❛ ✸✳✷✱ ❛ ❝✉r✈❛ ❡stá ♣❛r❛♠❡tr✐③❛❞❛

♣❡❧♦ ♣❛râ♠❡tr♦ s✱ ❡ ♦ ✈❡t♦r r⃗(s) r❡♣r❡s❡♥t❛ ❞♦✐s ♣♦♥t♦s ❛r❜✐trár✐♦s s♦❜r❡ ❡❧❛✳ ❯t✐❧✐③❛♥❞♦

té❝♥✐❝❛s ❞♦ ❝á❧❝✉❧♦ ❞✐❢❡r❡♥❝✐❛❧✱ ♦ ✈❡t♦r t❛♥❣❡♥t❡ t⃗(s) ♣♦❞❡ s❡r ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ ❞❡r✐✈❛❞❛ ❞♦

✈❡t♦r ♣♦s✐çã♦ r⃗(s) ❡♠ r❡❧❛çã♦ ❛♦ ♣❛râ♠❡tr♦ s✱ ♦✉ s❡❥❛✱

t⃗(s) =
∂r⃗(s)

∂s
. ✭✸✳✶✮

❆ ♣❛rt✐r ❞✐ss♦✱ ♣♦❞❡♠♦s ❡①♣r❡ss❛r ❛ ❝✉r✈❛t✉r❛ ❡♠ t❡r♠♦s ❞♦ ✈❡t♦r t❛♥❣❡♥t❡✳

C =

∣

∣

∣

∣

∂2r⃗

∂s2

∣

∣

∣

∣

=

∣

∣

∣

∣

∂t⃗

∂s

∣

∣

∣

∣

✭✸✳✷✮

❙❡❣✉✐♥❞♦ ♦ ♠♦❞❡❧♦ ❑r❛t❦②✲P♦r♦❞ ❡ ✉t✐❧✐③❛♥❞♦ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✈✐❛ ♠❡❝â♥✐❝❛ ❞❡

♠❡✐♦s ❝♦♥tí♥✉♦s✱ ♣♦❞❡♠♦s ❞❡✜♥✐r ❛ ❡♥❡r❣✐❛ ❞♦ s✐st❡♠❛ ❡♠ ❢✉♥çã♦ ❞♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡

❝♦♥t♦r♥♦✱ L✱ ❡ r✐❣✐❞❡③ ✢❡①✉r❛❧ ✷ κf ✱ ♣❡❧❛ ❡q✉❛çã♦ ♠❛t❡♠át✐❝❛ ❛ s❡❣✉✐r ❬✸✵❪✳

EKP =
1

2
κf

∫ L

0

∣

∣

∣

∣

∂t⃗

∂s

∣

∣

∣

∣

2

ds ✭✸✳✸✮

✸✳✸ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡ r❡❣✐♠❡ ❡♥tró♣✐❝♦

❈♦♥s✐❞❡r❛♥❞♦ ♥♦✈❛♠❡♥t❡ ❛ ❋✐❣✉r❛ ✸✳✷✱ é ♣♦ssí✈❡❧ ❞❡♠♦♥str❛r q✉❡ ♦ â♥❣✉❧♦ θ ❢♦r♠❛❞♦

❡♥tr❡ ♦s ✈❡t♦r❡s r⃗(s′′) ❡ r⃗(s′) é ✐❣✉❛❧ ❛♦ â♥❣✉❧♦ ❢♦r♠❛❞♦ ❡♥tr❡ ♦s ✈❡t♦r❡s t❛♥❣❡♥t❡s t⃗(s′′) ❡

t⃗(s′)✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ♣❛r❛ ✉♠ ❛r❝♦ ❞❡ ❝✐r❝✉♥❢❡rê♥❝✐❛ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ s ❡ ✉♠ â♥❣✉❧♦ θ✱

✷❆ r✐❣✐❞❡③ ✢❡①✉r❛❧ é ❛ ♠❡❞✐❞❛ ❞❛ r❡s✐stê♥❝✐❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ à ✢❡①ã♦ q✉❛♥❞♦ ✉♠❛ ❝❛r❣❛ é ❛♣❧✐❝❛❞❛✳

✷✷



♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❡♥❡r❣✐❛ ❝♦♠♦✿

Earco =
κfθ

2

2s
. ✭✸✳✹✮

❈♦♥s✐❞❡r❛♥❞♦ ♣❡q✉❡♥❛s ❝✉r✈❛t✉r❛s ❛♦ ❧♦♥❣♦ ❞♦ ♣♦❧í♠❡r♦✱ ♣♦❞❡♠♦s ❛♣r♦①✐♠❛r ❛ ❡♥❡r✲

❣✐❛ ❛ss♦❝✐❛❞❛ ❛♦ ❛r❝♦ ❝♦♠♦ s❡♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧ à ❡♥❡r❣✐❛ t♦t❛❧ E ❡ sen(θ) = θ✳

❊ss❛s s✐♠♣❧✐✜❝❛çõ❡s ♥♦s ♣❡r♠✐t❡♠ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❛ ❝✉r✈❛t✉r❛ ✉t✐❧✐✲

③❛♥❞♦ ♠ét♦❞♦s ❡st❛tíst✐❝♦s ❡ ✐♥t❡❣r❛✐s ❣❛✉ss✐❛♥❛s ❬✸✺❪✿

⟨θ2⟩ =
2s

A
, ✭✸✳✺✮

♦♥❞❡ A = βκf é ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛✱ β = kbT ❝♦♠ kb s❡♥❞♦ ❛

❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡ ❚ ❛ t❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛✳

P♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ r❡✢❡t❡ ❝❛✲

r❛❝t❡ríst✐❝❛s ❢✉♥❞❛♠❡♥t❛✐s ❞♦ ♠❛t❡r✐❛❧ ❡♠ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛✳ ◗✉❛♥❞♦

❛ t❡♠♣❡r❛t✉r❛ ❛✉♠❡♥t❛ ❡♠ ❞✐r❡çã♦ ❛♦ ✐♥✜♥✐t♦ ✭❚ → ✰∞✮✱ ❛s ✐♥t❡r❛çõ❡s tér♠✐❝❛s s❡ t♦r✲

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

❡ ❛❧❡❛tór✐❛✳ ■ss♦ r❡s✉❧t❛ ❡♠ ✉♠❛ ♠❛✐♦r ✢❡①✐❜✐❧✐❞❛❞❡ ❞❛ ♠♦❧é❝✉❧❛✱ ❥á q✉❡ ❛s ❧✐❣❛çõ❡s ♠♦✲

❧❡❝✉❧❛r❡s sã♦ ♠❡♥♦s r❡str✐t❛s ♣❡❧❛ ❡♥❡r❣✐❛ tér♠✐❝❛✱ ♣❡r♠✐t✐♥❞♦ ✉♠❛ ♠❛✐♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡

❞❡❢♦r♠❛çã♦ ❬✸✻✱ ✸✼❪✳

P♦r ♦✉tr♦ ❧❛❞♦✱ q✉❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ s❡ ❛♣r♦①✐♠❛ ❞♦ ③❡r♦ ❛❜s♦❧✉t♦ ✭❚→ ✵✮✱ ❛ ❡♥❡r❣✐❛

tér♠✐❝❛ ❞✐♠✐♥✉✐ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✱ r❡❞✉③✐♥❞♦ ❛ ❛❣✐t❛çã♦ ♠♦❧❡❝✉❧❛r ❡ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛s

❝❛❞❡✐❛s ♣♦❧✐♠ér✐❝❛s s❡ ❝♦♠♣♦rt❡♠ ❞❡ ♠❛♥❡✐r❛ ♠❛✐s ♦r❞❡♥❛❞❛ ❡ rí❣✐❞❛✳ ◆❡ss❡ r❡❣✐♠❡✱ ❛s

❧✐❣❛çõ❡s ♠♦❧❡❝✉❧❛r❡s tê♠ ♠❡♥♦s ❡♥❡r❣✐❛ ♣❛r❛ s❡ ♠♦✈❡r✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❡str✉t✉r❛ ♠❛✐s

❡stát✐❝❛ ❡ s❡♠❡❧❤❛♥t❡ ❛ ✉♠❛ ✈❛r❡t❛ rí❣✐❞❛ ❬✸✻❪✳

❆❧é♠ ❞✐ss♦✱ ❛♦ ❛❞♦t❛r♠♦s ✉♠❛ ❛❜♦r❞❛❣❡♠ ❣❡♦♠étr✐❝❛ ♣❛r❛ ❡①❛♠✐♥❛r ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ ❞❛s ❝❛❞❡✐❛s ♣♦❧✐♠ér✐❝❛s✱ t❡♠♦s ❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ❡①♣❧♦r❛r ❛s ❞✐r❡çõ❡s ❧♦❝❛✐s ❛♦

❧♦♥❣♦ ❞❛ ❝✉r✈❛ ❞❛ ♠♦❧é❝✉❧❛✳ ❊ss❡s ✈❡t♦r❡s ❞❡❧✐♥❡✐❛♠ ❛ ♦r✐❡♥t❛çã♦ ❞❛ ❝❛❞❡✐❛ ♣♦❧✐♠ér✐❝❛

❡♠ ✈ár✐♦s ♣♦♥t♦s ❛♦ ❧♦♥❣♦ ❞❡ s✉❛ ❡①t❡♥sã♦✳ ❆ss✐♠✱ ♣♦❞❡♠♦s ❛♣r♦❢✉♥❞❛r ❡ss❛ ❛♥á❧✐s❡ ❞❡

❢♦r♠❛ ❣❡♦♠étr✐❝❛ ❛♦ ❝♦♥s✐❞❡r❛r ♦ ✈❛❧♦r ♠é❞✐♦ ❞♦s ✈❡t♦r❡s t❛♥❣❡♥t❡s à ❝✉r✈❛ ❞❛ ♠♦❧é❝✉❧❛

❬✸✼❪✳

P♦❞❡♠♦s ❝♦♥❞✉③✐r ❡ss❛ ♠❡s♠❛ ❛♥á❧✐s❡ ❞❡ ♠❛♥❡✐r❛ ❣❡♦♠étr✐❝❛✱ ✉t✐❧✐③❛♥❞♦ ♦s ✈❡t♦r❡s

✉♥✐tár✐♦s t❛♥❣❡♥t❡s à ❝✉r✈❛✱ r❡♣r❡s❡♥t❛❞♦s ♣♦r t̂(s′′) ❡ t̂(s′)✱ ❝♦♥❢♦r♠❡ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✸✳✷✳ ❉❡ss❡ ♠♦❞♦✱ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❡ss❡s ✈❡t♦r❡s ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ❛

s❡❣✉✐r✿

⟨ ˆt(s′) · ˆt(s′′)⟩ = ⟨cos(θ)⟩ ✭✸✳✻✮

❝✉❥♦ ✈❛❧♦r ♠á①✐♠♦ é ✶✳

◆♦ ❝❡♥ár✐♦ ❞❡ ♣❡q✉❡♥❛s ❝✉r✈❛t✉r❛s✱ ✉t✐❧✐③❛♥❞♦ ❛ sér✐❡ ❞❡ ❚❛②❧♦r ❡ ❞❡s♣r❡③❛♥❞♦ t❡r♠♦s

✷✸



❞❡ ♦r❞❡♠ s✉♣❡r✐♦r❡s ❝❤❡❣❛♠♦s ♥❛ s❡❣✉✐♥t❡ ❡①♣r❡ssã♦✿

⟨cos(θ)⟩ = 1−
⟨θ2⟩

2
= 1−

s

A
, ✭✸✳✼✮

❡♠ q✉❡ A é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❡ ⟨θ2⟩ é ♦ ✈❛❧♦r q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❛ ❝✉r✈❛t✉r❛✳

❊ss❛ ❛♣r♦①✐♠❛çã♦ ♣❛r❛ ♣❡q✉❡♥♦s ❛r❝♦s s ♣♦ss✉✐ s❡♠❡❧❤❛♥ç❛s ❝♦♠ ❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡

❞❡ ❚❛②❧♦r ❞❛ ❢✉♥çã♦ ❡①♣♦♥❡♥❝✐❛❧ f(x) = exp(−x)✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ♣♦❞❡♠♦s r❡❢♦r♠✉❧❛r ❛

❡q✉❛çã♦ ✸✳✼ ❞❡ ♠♦❞♦ ♠❛✐s s✐♥tét✐❝♦ ❝♦♠♦✿

⟨t̂(s′) · t̂(s′′)⟩ = exp
(

−
s

A

)

. ✭✸✳✽✮

❆ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✸✳✽ é ♣♦ssí✈❡❧ ❞❡♠♦♥str❛r q✉❡✱ ♣❛r❛ ✉♠❛ ✈❛r❡t❛ rí❣✐❞❛✱ ❛ ♣❡rs✐s✲

tê♥❝✐❛ t❡♥❞❡ ❛ ✐♥✜♥✐t♦✱ ✐ss♦✱ ♥❛ ♣rát✐❝❛✱ s✐❣♥✐✜❝❛ q✉❡✱ ♠❡s♠♦ s♦❜ ❢♦rç❛s ♦✉ ♣❡rt✉r❜❛çõ❡s

❡①t❡r♥❛s✱ ❛ ✈❛r❡t❛ ♠❛♥té♠ t❡♥❞❡ ❛ ♣❡r♠❛♥❡❝❡r ❝♦♠ s✉❛ ♦r✐❡♥t❛çã♦ ♦r✐❣✐♥❛❧✳

✸✳✹ ▼♦❞❡❧♦ ❲♦r♠ ▲✐❦❡ ❈❤❛✐♥ ✭❲▲❈✮

❖ ♠♦❞❡❧♦ ❲♦r♠ ▲✐❦❡ ❈❤❛✐♥ ✭❲▲❈✮✱ ❝♦♥❤❡❝✐❞♦ ❡♠ ♣♦rt✉❣✉ês ❝♦♠♦ ❈❛❞❡✐❛ ❚✐♣♦ ❱❡r✲

♠✐❢♦r♠❡✱ é ✉♠❛ ❢❡rr❛♠❡♥t❛ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡❧ást✐❝♦ ❞❛

♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ q✉❛♥❞♦ s✉❜♠❡t✐❞❛ ❛ ❜❛✐①❛s ❢♦rç❛s ❡①t❡r♥❛s✱ ❛té ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✺

♣◆✳ ❊ss❡ ❝❡♥ár✐♦ é ❞❡♥♦♠✐♥❛❞♦ r❡❣✐♠❡ ❡♥tró♣✐❝♦✱ ✉♠❛ ✈❡③ q✉❡ s❡ ❝♦♥❝❡♥tr❛ ♥❛s ♠✉❞❛♥ç❛s

❝♦♥❢♦r♠❛❝✐♦♥❛✐s ❞❛ ♠♦❧é❝✉❧❛ ❡♠ r❡s♣♦st❛ ❛ ❡stí♠✉❧♦s ❡①t❡r♥♦s ❬✸✽❪✳

❉❡ss❛ ♠❛♥❡✐r❛✱ ♣♦❞❡♠♦s tr❛t❛r ♦ s✐st❡♠❛ ❜❛s❡❛♥❞♦✲s❡ ❡♠ três s✐t✉❛çõ❡s ❞✐st✐♥t❛s✳ ❆

♣r✐♠❡✐r❛ s✐t✉❛çã♦ ❞❡♥♦♠✐♥❛♠♦s ❞❡ ❡st✐r❛♠❡♥t♦ ♣ró①✐♠♦ ❞♦ ❡q✉✐❧í❜r✐♦ ✭♣❡q✉❡♥♦s ❡st✐r❛✲

♠❡♥t♦s✮✱ ♥❛ s❡❣✉♥❞❛ ❝♦♥❞✐çã♦✱ ❝❤❛♠❛♠♦s ❞❡ ❡st✐r❛♠❡♥t♦ ❧♦♥❣❡ ❞♦ ❡q✉✐❧í❜r✐♦ ✭♣ró①✐♠♦s

❛ ❝♦♥✜❣✉r❛çã♦ r❡t✐❧í♥❡❛✮✳ P♦r ✜♠ s❡rá ❛♣r❡s❡♥t❛❞♦✱ ❛q✉❡❧❛ s✐t✉❛çã♦ q✉❡ r❡❛❧✐③❛♠♦s ✉♠

❡st✐r❛♠❡♥t♦ ❛r❜✐trár✐♦ ❬✸✾❪✳

✸✳✹✳✶ ❊st✐r❛♠❡♥t♦ ♣ró①✐♠♦ ❞♦ ❡q✉✐❧í❜r✐♦

◆❡ss❛ s❡çã♦ ✐r❡♠♦s tr❛t❛r ♦ s✐st❡♠❛ ❡♠ ❝♦♥❞✐çõ❡s ♣ró①✐♠❛s ❛♦ ❡q✉✐❧í❜r✐♦✳ ❉❡s♣r❡③❛♥❞♦

❡❢❡✐t♦s ❞❡ ❝✉r✈❛t✉r❛ ❞♦ ♣♦❧í♠❡r♦✱ ❡ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛ ❝❛❞❡✐❛ é ❡①t❡♥s❛ ❡ ❢♦r♠❛❞❛ ♣♦r

✉♠ ♣r♦❝❡ss♦ ❞❡ ❝❛♠✐♥❤❛❞❛ ❛❧❡❛tór✐❛ é ♣♦ssí✈❡❧ ♠♦str❛r ✉t✐❧✐③❛♥❞♦ ♦ ❚❡♦r❡♠❛ ❈❡♥tr❛❧ ❞♦

❧✐♠✐t❡ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ ✈❡t♦r ♣♦♥t❛ ❛ ♣♦♥t❛ ✸ ❞❡ss❡ ♣♦❧í♠❡r♦ s❡❣✉❡

✉♠❛ ❞✐str✐❜✉✐çã♦ ♥♦r♠❛❧✳ ❊ss❡ t❡♦r❡♠❛ ❡st❛❜❡❧❡❝❡ q✉❡ ❛ s♦♠❛ ❞❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡

✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s ✐♥❞❡♣❡♥❞❡♥t❡s s❡❣✉❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ♥♦r♠❛❧ ❬✷✾❪✳

❉❡✜♥✐♥❞♦ ❘ ❝♦♠♦ ♦ ✈❡t♦r ❞✐stâ♥❝✐❛ ♣♦♥t❛ ❛ ♣♦♥t❛✱ t❡♠♦s q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦✲

✸❉❡✜♥✐❞♦ ❝♦♠♦ ♦ ✈❡t♦r q✉❡ ❝♦♥❡❝t❛ ❛s ❡①tr❡♠✐❞❛❞❡s ❞♦ ♣♦❧í♠❡r♦✳

✷✹



❜❛❜✐❧✐❞❛❞❡ ❞❡ss❡ ✈❡t♦r é ❞❛❞❛ ♣♦r

P (❘) =

(

3

2π ⟨∆❘⟩

)
3

2

exp

[

−
3❘2

2 ⟨∆❘⟩2

]

✭✸✳✾✮

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

t❡♠♣❡r❛t✉r❛ ✜①❛ ❚✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ♣♦❞❡♠♦s ❛ss♦❝✐❛r ♥♦ss❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡

❛♦ ❢❛t♦r ❞❡ ❇♦❧t③♠❛♥♥✱ exp(−βH(Q))✱ ❝♦♠ ◗ é ♦ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❞❛ ♥♦ss❛ ❍❛♠✐❧t♦♥✐✲

❛♥❛ ❬✹✵❪✳ ❊♠ ♥♦ss♦ s✐st❡♠❛✱ t❡♠♦s ❝♦♠♦ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❛ ❞✐stâ♥❝✐❛ ♣♦♥t❛ ❛ ♣♦♥t❛ ❞❛

❝❛❞❡✐❛❀ ♣♦rt❛♥t♦ t❡♠♦s q✉❡ ❛ ♥♦ss❛ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞❛ ❛♦ ♣♦❧í♠❡r♦ ♣♦❞❡ s❡r ❡st✐♠❛❞❛ ❡♠✿

E(❘) =
3❘2

2β ⟨∆❘⟩2
✭✸✳✶✵✮

◆❡ss❡ ❝♦♥t❡①t♦✱ ❡st❛♠♦s ✐♥t❡r❡ss❛❞❛s ♥❛ ❢♦rç❛ ❞❡ ❡st✐r❛♠❡♥t♦✱ ❛ q✉❛❧ ♣♦❞❡♠♦s ❡①♣r❡s✲

s❛r ❡♠ t❡r♠♦s ❞❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ♣❡❧♦ ✈í♥❝✉❧♦ Fr = −∂U(r)
∂r

✳ ❆ss✐♠✱ ♣❛r❛ ❡♥❝♦♥tr❛r

❛ ❢♦rç❛ ❞❡ ❡st✐r❛♠❡♥t♦ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ ❞✐r❡çã♦ ♣r❡❝✐s❛♠♦s ❞♦ ✈❛❧♦r ♠é❞✐♦ q✉❛❞rát✐❝♦

❞♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ♣♦♥t❛ ❛ ♣♦♥t❛✳ ❊ss❡ ♣❛râ♠❡tr♦ ❞❡♣❡♥❞❡ ❞♦ r❡❣✐♠❡ ❡♠ q✉❡ ❡st❛♠♦s

❝♦♥s✐❞❡r❛♥❞♦ ♦ ♥♦ss♦ ♣♦❧í♠❡r♦✱ ♥❡ss❡ ❝❛s♦ ❡♥tã♦ ✐r❡♠♦s ❛♣r❡s❡♥t❛r ❡❧❡ ❡♠ ❞♦✐s r❡❣✐♠❡s

❡①tr❡♠♦s✱ ✢❡①í✈❡❧ ❡ rí❣✐❞♦✳ ❆s ❞❡♠♦♥str❛çõ❡s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❞✐stâ♥❝✐❛ ♣♦♥t❛ ❛ ♣♦♥t❛

q✉❛❞rát✐❝❛ ♠é❞✐❛ ♥♦s ❞♦✐s r❡❣✐♠❡s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥❛ r❡❢❡rê♥❝✐❛ ❬✷✸❪✳ ❚❛♠❜é♠

✐r❡♠♦s ❝♦♥s✐❞❡r❛r ❡♠ ♥♦ss♦ ❡①♣❡r✐♠❡♥t♦ q✉❡ ♦ ❡st✐r❛♠❡♥t♦ ♦❝♦rr❡ ❛♦ ❧♦♥❣♦ ❞❛ ❞✐r❡çã♦ ③✳

❉❡ss❛ ♠❛♥❡✐r❛✱ t❡♠♦s ❛ s❡❣✉✐r ❡♥tã♦ ♦s ❞♦✐s ❝❛s♦s✿

■✳ ◆♦ r❡❣✐♠❡ ✢❡①í✈❡❧ ✭L ≫ A✮✱ ❛ ♠é❞✐❛ q✉❛❞rát✐❝❛ ❞❛ ❞✐stâ♥❝✐❛ ♣♦♥t❛ ❛ ♣♦♥t❛ é ❞❛❞❛

♣♦r ⟨∆R⟩2 = 2AL✳ ❊♠ ❙✉❜st✐t✉✐♥❞♦ ❡ss❡ r❡s✉❧t❛❞♦ ♥❛ ❢✉♥çã♦ ✸✳✶✵ ❡ ❞❡r✐✈❛♥❞♦

♣❛r❝✐❛❧♠❡♥t❡ ❡♠ r❡❧❛çã♦ ❛ ✈❛r✐á✈❡❧ ③✱ ♦❜t❡♠♦s✿

F (z) =
3kbT

2AL
z ✭✸✳✶✶✮

❚❡♠♦s q✉❡ ❛ ❢♦rç❛ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❡st✐r❛♠❡♥t♦✱ ❝✉❥❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦r✲

❝✐♦♥❛❧✐❞❛❞❡ é ❞❛❞❛ ♣♦r 3kbT
2AL

✳ ❊ss❡ r❡s✉❧t❛❞♦ ❡✈✐❞ê♥❝✐❛ q✉❡ ❡st❛♠♦s tr❛t❛♥❞♦ ❝♦♠♦ ✉♠

s✐st❡♠❛ ❝❧áss✐❝♦✱ t❡♥❞♦ ❡♠ ✈✐st❛ q✉❡ ❡ss❡ r❡s✉❧t❛❞♦ s❡r✐❛ ♦ ♠❡s♠♦ s❡ ❢♦ss❡ ❝♦♥s✐❞❡r❛❞♦

✉♠❛ ♠♦❧❛ ✐❞❡❛❧ q✉❡ ♣♦❞❡ s❡r ❡st✐r❛❞❛ ❡♠ três ❞✐♠❡♥sõ❡s ❡ ✉t✐❧✐③❛❞♦

■■✳ ◆♦ ❝❛s♦ ♦♣♦st♦✱ A ≫ L✱ ❛ ♣❡rs✐stê♥❝✐❛ é s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛✐♦r q✉❡ ♦ ❝♦♠♣r✐✲

♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦✱ ❝❛r❛❝t❡r✐③❛♥❞♦ ♦ r❡❣✐♠❡ rí❣✐❞♦✳ ❆♣❧✐❝❛♥❞♦ ❛ ♠❡s♠❛ ❛❜♦r❞❛❣❡♠

✉t✐❧✐③❛❞❛ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦❜t❡♠♦s q✉❡ ♦ ✈❛❧♦r q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❛ ❞✐stâ♥❝✐❛ ♣♦♥t❛ ❛

♣♦♥t❛ é ✐❣✉❛❧ ❛♦ q✉❛❞r❛❞♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦✱ ♦✉ s❡❥❛✱ ⟨∆R⟩2 = L2✳

❊ss❡ r❡s✉❧t❛❞♦ é ♣r❡✈✐sí✈❡❧✱ ♣♦✐s✱ ♥❡ss❡ r❡❣✐♠❡✱ ❛ ❝❛❞❡✐❛ ♣♦❧✐♠ér✐❝❛ t❡♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

s❡♠❡❧❤❛♥t❡ ❛ ✉♠❛ ✈❛r❡t❛ rí❣✐❞❛✳ ❆ss✐♠✱ q✉❛♥❞♦ s✉❜♠❡t❡♠♦s ♦ ♣♦❧í♠❡r♦ ❛ ❢♦rç❛s ❡①t❡r♥❛s✱

♥ã♦ t❡♠♦s ❛❧t❡r❛çã♦ ♥♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦✳

✷✺



✸✳✹✳✷ ❊st✐r❛♠❡♥t♦s ❧♦♥❣❡ ❞♦ ❡q✉✐❧í❜r✐♦

◆❡ss❡ r❡❣✐♠❡✱ ❝♦♥s✐❞❡r❛♠♦s q✉❡ ❛ ❝❛❞❡✐❛ ♣♦❧✐♠ér✐❝❛ s❡❣✉❡ ✉♠❛ ❝♦♥❢♦r♠❛çã♦ q✉❛s❡

❧✐♥❡❛r✱ t♦r♥❛♥❞♦ ❛ss✐♠ r❡❧❡✈❛♥t❡s ❡❢❡✐t♦s ❞❡ ❝✉r✈❛t✉r❛✳ P❛r❛ ✐ss♦ ✐r❡♠♦s ✉s❛r ♦ ♠♦❞❡❧♦ ❞❡

❑r❛t❦②✲P♦r♦❞✱ ❝♦♠ ✉♠ ✈í♥❝✉❧♦ ♥❛ ❡♥❡r❣✐❛ q✉❡ ♠❛♥té♠ ❛ ❡str✉t✉r❛ ❡♠ ✉♠❛ ❝♦♥❢♦r♠❛çã♦

q✉❛s❡ ❧✐♥❡❛r ❬✸✹❪✳ ❉❡ss❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❡♥❡r❣✐❛ ❝♦♠♦

E =
κf

2

∫ L

0

∣

∣

∣

∂2θ

∂s2

∣

∣

∣

2

ds− F③✱ ✭✸✳✶✷✮

❞❡ ♠♦❞♦ q✉❡ ❋ ❛t✉❛ ❝♦♠♦ ✉♠ ♠✉❧t✐♣❧✐❝❛❞♦r ❞❡ ▲❛❣r❛♥❣❡ ♣❛r❛ ♠❛♥t❡r ♦ ❝♦♠♣r✐♠❡♥t♦ ③

❝♦♥st❛♥t❡✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ t❡♠♦s q✉❡ ♦ ✈❡t♦r t❛♥❣❡♥t❡ ❛♦ ♣♦❧í♠❡r♦ é q✉❛s❡ ♣❛r❛❧❡❧♦ ❛

❝♦♥❢♦r♠❛çã♦ ❞❛ ♠♦❧é❝✉❧❛ ❡ z ∼ L ❬✹✶❪✳

F (z) =
kbT

4A

[

1
(

1− z
L

)2

]

✱ ✭✸✳✶✸✮

s❡♥❞♦ kb ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✱ ❚ t❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛✱ ❆ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♣❡rs✐stê♥❝✐❛✱ ▲ é ♦ ❝♦♥t♦r♥♦ ❡ ③ ❡st✐r❛♠❡♥t♦ ❞❛ ♠♦❧é❝✉❧❛✳

✸✳✹✳✸ ❊st✐r❛♠❡♥t♦ ❛r❜✐trár✐♦

◆❛s s✉❜s❡çõ❡s ❛♥t❡r✐♦r❡s✱ ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❛s ❝♦♥❞✐çõ❡s ❛ss♦❝✐❛❞❛s ❛ ❝✉rt♦s ❡ ❧♦♥❣♦s

❡st✐r❛♠❡♥t♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ❡s♣❡r❛✲s❡ q✉❡ ❡st✐r❛♠❡♥t♦ ♣ró①✐♠♦ ❞♦

❡q✉✐❧í❜r✐♦ ❡st❡❥❛ ❝♦♥t✐❞♦ ❡♠ s✐t✉❛çõ❡s ❧♦♥❣❡ ❞♦ ❡q✉✐❧í❜r✐♦✳ ❉❡ ♠♦❞♦ q✉❡ q✉❛♥❞♦ ❢❡✐t❛

✉♠❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r ♥❛ ❢✉♥çã♦ ✸✳✶✸✱ ❡♠ z ∼ 0 r❡t♦r♥❡ ❛ ❡①♣r❡ssã♦ ❞♦ ❝✉rt♦

❡st✐r❛♠❡♥t♦✳

◆♦ ❡♥t❛♥t♦✱ ❡ss❡ ♣r♦❝❡ss♦ ♥ã♦ é ✈❡r❞❛❞❡✱ ❛♣❛r❡❝❡ ❛ ❛❞✐çã♦ ❞❡ ✉♠ t❡r♠♦ ✐♥❞❡♣❡♥❞❡♥t❡

r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♥♦ r❡❣✐♠❡ ❡❧ást✐❝♦✱ ❝♦♠♦ ♠♦str❛❞♦ ❛ s❡❣✉✐r ❬✸✵❪✿

F (1) ∼=
kbT

A

(

1

4
+

z

2L

)

✭✸✳✶✹✮

P❛r❛ ❝♦rr✐❣✐r ❡ss❛ ❡①♣r❡ssã♦✱ ❢♦✐ ♣r♦♣♦st♦ ♥♦ ❛♥♦ ❞❡ ✶✾✾✺✱ ♣❡❧♦s ♣❡sq✉✐s❛❞♦r❡s ❏♦❤♥ ❋✳

▼❛r❦♦ ❡ ❊r✐❝ ❉✳ ❙✐❣❣✐❛ ❛ ✐♥s❡rçã♦ ❞♦ t❡r♠♦ z
L
− 1

4
♥❛ ❢✉♥çã♦ ✸✳✶✸ ✈✐❛ ✐♥t❡r♣♦❧❛çã♦✳ ❆♦

❛❞✐❝✐♦♥❛r ❡ss❡ t❡r♠♦✱ t♦r♥❛✲s❡ ♣♦ssí✈❡❧ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞❡ ❝♦♥t♦r♥♦ ❡ ♣❡rs✐stê♥❝✐❛

❡♠ q✉❛✐sq✉❡r ❝♦♥❞✐çõ❡s✱ ❡st✐r❛♠❡♥t♦s ❝✉rt♦s ❡ ❧♦♥❣♦s ❬✹✷❪✳

❆❞✐❝✐♦♥❛♥❞♦ ❡ss❡s ❞♦✐s t❡r♠♦s✱ ♦❜t❡♠♦s✱ ❛ss✐♠✱ ❛ ❡①♣r❡ssã♦ ❣❡♥❡r❛❧✐③❛❞❛ ❢♦rç❛ ❡♥tró✲

♣✐❝❛ ❞♦ ❉◆❆ ❡♠ ❢✉♥çã♦ ❞❛ ❡①t❡♥sã♦✳

F (z) =
kbT

A

[

1

4
(

1− z
L

)2 +
z

L
−

1

4

]

✭✸✳✶✺✮
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❖ ♠♦❞❡❧♦ ♣❡r♠❛♥❡❝❡ ✈á❧✐❞♦ ❛té ✈❛❧♦r❡s ♣ró①✐♠♦s ❞❡ ✵✱✾▲✱ ❡q✉✐✈❛❧❡♥t❡✱ ❛ss✐♠✱ ❛ ✉♠

s✐st❡♠❛ ❡♠ q✉❡ ♦ ❉◆❆ ❡stá s✉❜♠❡t✐❞♦ ❛ ♣♦✉❝♦s ♣✐❝♦♥❡✇t♦♥s✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛

❡q✉❛çã♦ ❞❡ ▼❛r❦♦ ❡ ❙✐❣❣✐❛ é ✈á❧✐❞❛ ❛♣❡♥❛s ❛♦ r❡❣✐♠❡ ❡♥tró♣✐❝♦✳ ◆❛ ❋✐❣✉r❛ ✸✳✸ t❡♠♦s ✉♠

❣rá✜❝♦ ♦❜t✐❞♦ ♣❛r❛ ✉♠ ❉◆❆ ♥❛t✉r❛❧ ❞❛ ❢♦rç❛ ❡♠ ❢✉♥çã♦ ❞❛ ❡①t❡♥sã♦✱ ❡♠ ❛③✉❧ ♦ ❛❥✉st❡

❝♦♠ ❢✉♥çã♦ ❞❡ ▼❛r❦♦ ❙✐❣❣✐❛ ❡ ♣r❡t♦ sã♦ ♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❋✐❣✉r❛ ✸✳✸✿ ●rá✜❝♦ ❞❛ ❢♦rç❛ ❡♠ ❢✉♥çã♦ ❞❛ ❡①t❡♥sã♦ ♣❛r❛ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ♥♦ r❡❣✐♠❡
❡♥tró♣✐❝♦✱ ♦s ♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ❛❥✉st❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛ ❢✉♥çã♦ ❞❡ ▼❛r❦♦ ❙✐❣❣✐❛
♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s✳ ❋♦♥t❡✿ Pró♣r✐♦ ❛✉t♦r✳

✷✼



❈❛♣ít✉❧♦ ✹

■♥t❡r❛çõ❡s ❉◆❆ ✲ ▲✐❣❛♥t❡s

❉✐s❝✉t✐r❡♠♦s ❛q✉✐ ♦s t✐♣♦ ❞❡ ✐♥t❡r❛çõ❡s ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❝♦♠ ❧✐❣❛♥t❡s q✉❡✱ ❡♠

❣❡r❛❧✱ ♠♦❞✐✜❝❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞♦ ❝♦♠♣❧❡①♦ r❡s✉❧t❛♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ ❜✐♦♣♦✲

❧í♠❡r♦ ♦r✐❣✐♥❛❧✳

✹✳✶ ❊q✉✐❧í❜r✐♦ q✉í♠✐❝♦ ❞❛s ✐♥t❡r❛çõ❡s ❉◆❆✲▲✐❣❛♥t❡s

❊♠ ✉♠ s✐st❡♠❛ ❢❡❝❤❛❞♦ ❝♦♠ ❞♦✐s ♦✉ ♠❛✐s ❝♦♠♣♦♥❡♥t❡s✱ ❛s r❡❛çõ❡s ♦❝♦rr❡♠ ❛té ❛❧✲

❝❛♥ç❛r ✉♠ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦✳ ❆ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ss❡ s✐st❡♠❛ é ✐♥✢✉❡♥❝✐❛❞❛ ♣♦r ❢❛t♦r❡s

❡①t❡r♥♦s✱ ❝♦♠♦ t❡♠♣❡r❛t✉r❛✱ ✉♠✐❞❛❞❡ ❡ ♣r❡ssã♦✱ ❛ss✐♠ ❝♦♠♦ ♣♦r ❢❛t♦r❡s ✐♥t❡r♥♦s✱ ✐♥✲

❝❧✉✐♥❞♦ ❝♦♥❝❡♥tr❛çã♦✱ ✈♦❧✉♠❡ ❡ ♣❍✳ ❆s ❛❧t❡r❛çõ❡s ❡ ❛❥✉st❡s ♥♦ ❡q✉✐❧í❜r✐♦ r❡s✉❧t❛♥t❡s ❞❡

♣❡rt✉r❜❛çõ❡s ❡①t❡r♥❛s ♥❛s r❡❛çõ❡s q✉í♠✐❝❛s ❢♦r❛♠ ✐♥✐❝✐❛❧♠❡♥t❡ ❞❡s❝r✐t❛s ♣♦r ❋r✐t③ ❍❛❜❡r

❡ ❈❛r❧ ❇♦s❝❤ ♥♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳❳ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❢♦r♠❛❧✐③❛❞❛s ♣❡❧♦ ❢r❛♥❝ês ❍❡♥r✐ ▲❡

❈❤❛t❡❧✐❡r ❬✹✸❪✳

❖ ❡q✉✐❧í❜r✐♦ q✉í♠✐❝♦ é ❛t✐♥❣✐❞♦ q✉❛♥❞♦ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛tér✐❛ ❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♦ s✐s✲

t❡♠❛ ❡ ♦ ♠❡✐♦ sã♦ ♠❛♥t✐❞❛s ❝♦♥st❛♥t❡✳ ◆❡st❡ ❡st✉❞♦✱ t❛♥t♦ ♦ ❉◆❆ q✉❛♥t♦ ✉♠ ❝♦♠♣♦st♦

❡♠ s♦❧✉çã♦ s❡rã♦ ❡①♣♦st♦s às ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❛♠❜✐❡♥t❛✐s✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❛s ❝♦♥st❛♥t❡s

❞❡ ❧✐❣❛çã♦ s❡❥❛♠ ❞❡t❡r♠✐♥❛❞❛s ❬✹✹❪✳

◆❡ss❡ ❝♦♥t❡①t♦✱ ❝♦♥s✐❞❡r❛r❡♠♦s ❛ r❡❛çã♦ q✉í♠✐❝❛ ❡♥tr❡ ❞♦✐s r❡❛❣❡♥t❡s ❡ ♣r♦✈♦❝❛♥❞♦ ❛

❢♦r♠❛çã♦ ❞❡ ✉♠ ♣r♦❞✉t♦✿ ❆ r❡❛❣❡ ❝♦♠ ❇✱ r❡s✉❧t❛♥❞♦ ♥❛ ❢♦r♠❛çã♦ ❞❛ ♥♦✈❛ ❡str✉t✉r❛ ❈✱

❝♦♥❢♦r♠❡ ❞❡s❝r✐t♦ ♥❛ r❡❛çã♦ ❛❜❛✐①♦✿

❆+ ❇
Ki−−⇀↽−−
Kd

❈ ✭✹✳✶✮

❖s ❝♦❡✜❝✐❡♥t❡s Ki ❡ Kd r❡❝❡❜❡♠ ♦ ♥♦♠❡ ❝♦♥st❛♥t❡ ❞❡ ❡q✉✐❧í❜r✐♦ ❞❛ ❛ss♦❝✐❛çã♦ ❡ ❞✐s✲

s♦❝✐❛çã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❬✹✺❪✳ ❊ss❡s ♣❛râ♠❡tr♦s ❞❡✜♥❡♠ ❛ ❛✜♥✐❞❛❞❡ ❞❛ ❧✐❣❛çã♦ q✉í♠✐❝❛

✷✽



❡♠ ❞❡t❡r♠✐♥❛❞❛ ❝♦♥❝❡♥tr❛çã♦✱ ❡♠ t❡r♠♦s ♠❛t❡♠át✐❝♦s ♣♦❞❡♠♦s ❞❡✜♥✐r ❝♦♠♦✿

Ki =
[C]

[A][B]
Kd = K−1

i =
[A][B]

[C]
✭✹✳✷✮

◆♦ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ♠♦❧é❝✉❧❛ ú♥✐❝❛ ❞❡ ❉◆❆ ❡ ❧✐❣❛♥t❡✱ ❞✉❛s s✐t✉❛çõ❡s ♣♦❞❡♠ s❡r

♦❜s❡r✈❛❞❛s✿ ❛s ♠♦❧é❝✉❧❛s ❞♦ ❝♦♠♣♦st♦ ❡stã♦ ❧✐❣❛❞❛s ❛♦ ♠❛t❡r✐❛❧ ❣❡♥ét✐❝♦ ♦✉ ❧✐✈r❡ ❡♠

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

❉◆❆✱ é ✐♥t❡r❡ss❛♥t❡ r❡❞❡✜♥✐r ❛s ❣r❛♥❞❡③❛s ❡♠ t❡r♠♦s ❞❛ ❢r❛çã♦ ❧✐❣❛❞❛✳ ❊♠ s❡✉ ❝❛s♦ ♠❛✐s

s✐♠♣❧✐✜❝❛❞♦✱ ♣♦❞❡♠♦s ❞❡✜♥✐r [A] ≡ Cf ❝♦♠♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❧✐❣❛♥t❡s ❧✐✈r❡s✱ [C] ≡ Cb

❝♦♥❝❡♥tr❛çã♦ ❞❡ ❧✐❣❛♥t❡s ❧✐❣❛❞❛ ❛♦ ❉◆❆ ❡ ♣♦r ✜♠✱ [B] ≡ Cbp − Cb✱ ❡♠ q✉❡ Cbp é ❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ ♣❛r❡s ❞❡ ❜❛s❡✳ ❆ss✐♠✱ ♣♦❞❡♠♦s r❡❡s❝r❡✈❡r ❛ ❡q✉❛çã♦ ✭✹✳✷✮ ❡♠ t❡r♠♦s ❞♦s

♥♦✈♦s ♣❛râ♠❡tr♦s ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✱

r =
KiCf

1 +KiCf

, ✭✹✳✸✮

♥❡st❛ ❡q✉❛çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ✐♥tr♦❞✉③✐♠♦s ❛ ✈❛r✐á✈❡❧ r✱ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❢r❛çã♦ ❧✐❣❛❞❛✱

❞❛❞❛ ♣♦r r ≡ Cb

Cbp
✱ q✉❡ r❡♣r❡s❡♥t❛ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❧✐❣❛❞❛s ✭Cb✮

❡ ❛ ❝♦♥❝❡♥tr❛çã♦ t♦t❛❧ ❞❡ ♣❛r❡s ❞❡ ❜❛s❡s ❞✐s♣♦♥í✈❡✐s ✭Cbp✮✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ r ♣♦❞❡

s❡r ✐♥t❡r♣r❡t❛❞❛ ❝♦♠♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦❧é❝✉❧❛s ❧✐❣❛❞❛s ♣♦r ♣❛r ❞❡ ❜❛s❡ ❞♦ ❉◆❆✳ ❊ss❛

♠❛♥❡✐r❛ ❞❡ ❞❡s❝r❡✈❡r ♦ s✐st❡♠❛ ❢♦✐ ♣r♦♣♦st♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♣♦r ●❡♦r❣❡ ❙❝❛t❝❤❛r❞ ❡♠

✶✾✹✾✱ ❡s❝r❡✈❡♥❞♦ ❛ ❢r❛çã♦ ❧✐❣❛❞❛ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❧✐❣❛♥t❡s ❡ ❛ ❝♦♥st❛♥t❡ ❞❡

❛ss♦❝✐❛çã♦✳ ❊ss❡ ♠♦❞❡❧♦✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ■s♦t❡r♠❛ ❞❡ ❙❝❛t❝❤❛r❞✱ é ❛♣❧✐❝á✈❡❧ ❛ s✐st❡♠❛s

♥♦s q✉❛✐s ❛ t❡♠♣❡r❛t✉r❛ é ♠❛♥t✐❞❛ ❝♦♥st❛♥t❡ ❬✹✻❪✳

❆ ❡q✉❛çã♦ ❢♦r♠✉❧❛❞❛ ❞❡ss❛ ♠❛♥❡✐r❛ ♣♦ss✉✐ s✐♠♣❧✐✜❝❛çõ❡s ✐♠♣♦rt❛♥t❡s✳ ❆ ♣r✐♠❡✐r❛

s✐♠♣❧✐✜❝❛çã♦ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❢❡♥ô♠❡♥♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝♦♦♣❡r❛t✐✈✐❞❛❞❡✱ ♥♦ q✉❛❧ ✉♠❛

♠♦❧é❝✉❧❛✱ ❛♦ ✐♥t❡r❛❣✐r ❝♦♠ ♦✉tr❛✱ ♣♦❞❡ ✐♥✢✉❡♥❝✐❛r ❛s ❧✐❣❛çõ❡s s✉❜s❡q✉❡♥t❡s ❡ ❛ s❡❣✉♥❞❛

s✐♠♣❧✐✜❝❛çã♦✱ ♣r❡s✉♠❡ q✉❡ ❛♣❡♥❛s ✉♠❛ ♠♦❧é❝✉❧❛ é ❝❛♣❛③ ❞❡ s❡ ❧✐❣❛r ❛ ✉♠ ♣❛r ❞❡ ❜❛s❡s

❞♦ ❉◆❆✱ ♦ q✉❡ s❡rá ❞✐s❝✉t✐❞♦ ❝♦♠ ♠❛✐s ❞❡t❛❧❤❡s ❛♦ ✜♥❛❧ ❞♦ ❝❛♣ít✉❧♦✳

✹✳✷ ❚✐♣♦s ❞❡ ✐♥t❡r❛çõ❡s ✲ ■♥t❡r❝❛❧❛çã♦

❆ ✐♥t❡r❛çã♦ ❞❡ ✐♥t❡r❝❛❧❛çã♦ ♥♦ ❉◆❆ é ✉♠ ❢❡♥ô♠❡♥♦ ❡♠ q✉❡ ❝❡rt❛s ♠♦❧é❝✉❧❛s ♣♦❞❡♠

✐♥s❡r✐r✲s❡ ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s ❛❞❥❛❝❡♥t❡s ❞❛ ❞✉♣❧❛ ❤é❧✐❝❡ ❞❡ ❉◆❆✱ ❝♦♠♦

✐❧✉str❛❞♦ ♥❛ ✜❣✉r❛ ✹✳✶✳ ❊ss❛s ♠♦❧é❝✉❧❛s ✐♥t❡r❝❛❧❛❞♦r❛s sã♦ ❢r❡q✉❡♥t❡♠❡♥t❡ ❝♦♠♣♦st♦s

♣❧❛♥❛r❡s ❡ ❛r♦♠át✐❝♦s✱ ❝♦♠ ✉♠❛ ❡str✉t✉r❛ q✉❡ ❧❤❡s ♣❡r♠✐t❡ s❡ ❡♥❝❛✐①❛r ❡♥tr❡ ♦s ❛♥é✐s

❞❡ ❜❛s❡s ❞♦ ❉◆❆✳ ■ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ à ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s π✲π st❛❝❦✐♥❣✱ ✉♠❛ ❛tr❛çã♦

❡❧❡tr♦stát✐❝❛ ❡♥tr❡ ♦s ♦r❜✐t❛✐s π ❞❛s ♠♦❧é❝✉❧❛s ✐♥t❡r❝❛❧❛❞♦r❛s ❡ ❛s ❜❛s❡s ❞♦ ❉◆❆ ❬✹✼❪✳

❯♠ ❞♦s ♣r✐♠❡✐r♦s r❡❧❛t♦s ❞❡ ✐♥t❡r❝❛❧❛çã♦ ♦❝♦rr❡✉ ❡♠ ✶✾✻✵✱ q✉❛♥❞♦ ❛ té❝♥✐❝❛ ❞✐❢r❛çã♦

❞❡ r❛✐♦✲① ❢♦✐ ❡♠♣r❡❣❛❞❛ ♣❛r❛ ✐♥✈❡st✐❣❛r ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❝♦♠♣♦st♦s ❞❛ ❝❧❛ss❡ ❆❝r✐❞✐♥❛✳
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❊ss❡s ❝♦♠♣♦st♦s sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❝♦♥tr♦❧❛r ❛ ❛çã♦ ❞❡ ❜❛❝tér✐❛s ❡ ♣❛r❛s✐t❛s✱ ❛❧é♠ ❞❡

s❡r❡♠ ❡♠♣r❡❣❛❞♦s ❝♦♠♦ ❝♦r❛♥t❡s ❜✐♦❧ó❣✐❝♦s ❬✹✽❪✳

◗✉❛♥❞♦ ✉♠❛ ♠♦❧é❝✉❧❛ ✐♥t❡r❝❛❧❛❞♦r❛ s❡ ✐♥s❡r❡ ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡s ❞♦ ❉◆❆✱ ❡❧❛

♠♦❞✐✜❝❛ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆✳ ❖ ❧✐❣❛♥t❡ ❛♦ ❧✐❣❛r ❡♥tr❡ ❡ss❛s

❡str✉t✉r❛✱ ♣r♦✈♦❝❛ ✉♠❛ t♦rçã♦ ♥❛ ❞✉♣❧❛ ❤é❧✐❝❡ ♥♦ s❡♥t✐❞♦ ❞❡ ❞❡s❢❛③❡r ❛ ❡str✉t✉r❛ ❝❛✉s❛♥❞♦

✉♠ ❛✉♠❡♥t♦ ♥♦ ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡ ♦s ♣❛r❡s ❞❡ ❜❛s❡ ❬✹✾❪✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞♦s ❝♦♠♣♦st♦s ✐♥t❡r❝❛❧❛❞♦r❡s ❞❡ ♠♦❞✐✜❝❛r ❛ ❡str✉t✉r❛ ❞♦ ❉◆❆ t❡♠ s✐❞♦

❡①♣❧♦r❛❞❛ t❡r❛♣❡✉t✐❝❛♠❡♥t❡✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❛❣❡♥t❡s ❛♥t✐❝❛♥❝❡rí❣❡✲

♥♦s ❡ ❛♥t✐♠✐❝r♦❜✐❛♥♦s✳ ❊ss❡s ❝♦♠♣♦st♦s ♣♦❞❡♠ ✐♥✐❜✐r ❛ ❛çã♦ ❞❡ ❡♥③✐♠❛s r❡s♣♦♥sá✈❡✐s ♣❡❧♦

s✉♣❡r❡♥r♦❧❛♠❡♥t♦ ❡ ❞❡s❡♥r♦❧❛♠❡♥t♦ ❞♦ ❉◆❆✱ ♣r♦❝❡ss♦s ❢✉♥❞❛♠❡♥t❛✐s ♣❛r❛ ❛ r❡♣❧✐❝❛çã♦✱

tr❛♥s❝r✐çã♦ ❡ r❡♣❛r♦ ❝❡❧✉❧❛r✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ✐♥t❡rr✉♣çã♦ ❞❡ss❛s ❢✉♥çõ❡s ♣♦❞❡ ❧❡✈❛r à ♠♦rt❡

❞❡ ❝é❧✉❧❛s t✉♠♦r❛✐s ♦✉ ♣❛t♦❣ê♥✐❝❛s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ✐♥t❡r❝❛❧❛çã♦ ❞♦ ❉◆❆ ♣♦❞❡ ✐♥t❡r❢❡r✐r

♥❛ ❝♦rr❡çã♦ ❞❡ r❡❣✐õ❡s ❣❡♥ô♠✐❝❛s ❞❛♥✐✜❝❛❞❛s✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ r❡❝✉♣❡r❛çã♦ ❞❡ ♠✉t❛çõ❡s✳

❊ss❡ ♠❡❝❛♥✐s♠♦ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ♣♦t❡♥❝✐❛❧✐③❛r ♦ ❡❢❡✐t♦ ❞❡ tr❛t❛♠❡♥t♦s q✉✐♠✐♦t❡rá♣✐❝♦s✱

❛✉♠❡♥t❛♥❞♦ s✉❛ ❡✜❝á❝✐❛ ❬✺✵✱ ✺✶❪✳

❋✐❣✉r❛ ✹✳✶✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ✐♥t❡r❛çã♦ ❞❡ ✐♥t❡r❝❛❧❛çã♦ ♥♦ ❉◆❆✿ ♠♦❧é❝✉❧❛ ✐♥s❡r✐❞❛ ❡♥tr❡
♦s ♣❛r❡s ❞❡ ❜❛s❡s ❞❛ ❞✉♣❧❛ ❤é❧✐❝❡✳ ❋♦♥t❡✿ Pró♣r✐♦ ❛✉t♦r✳

✹✳✸ ❚✐♣♦s ❞❡ ✐♥t❡r❛çõ❡s ✲ ▲✐❣❛çã♦ ❞❡ ❢❡♥❞❛s

❉✉r❛♥t❡ ❛ ❢♦r♠❛çã♦ ❞❛ ❞✉♣❧❛ ❤é❧✐❝❡ ❞♦ ❉◆❆✱ ♦s ❣r✉♣♦s ❢♦s❢❛t♦ ♣r❡s❡♥t❡s ♥♦s ♥✉❝❧❡♦✲

tí❞❡♦s ❝♦♥❢❡r❡♠ ✉♠❛ ❝❛r❣❛ ❧íq✉✐❞❛ ♥❡❣❛t✐✈❛ à ♠♦❧é❝✉❧❛✱ ❛❜r❛♥❣❡♥❞♦ ❛s ✜t❛s ❡ ❛s ❢❡♥❞❛s✳

❉❡ss❛ ❢♦r♠❛✱ ❝♦♠♣♦st♦s ❝❛t✐ô♥✐❝♦s ❡♠ s♦❧✉çã♦ ❛q✉♦s❛✱ q✉❡ ♣❡r❞❡♠ ❡❧étr♦♥s ❡ ❛❞q✉✐r❡♠
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❝❛r❣❛ ♣♦s✐t✐✈❛✱ ♣♦❞❡♠ ✐♥t❡r❛❣✐r ❝♦♠ ♦ ❉◆❆ ♣♦r ♠❡✐♦ ❞❡ ❧✐❣❛çõ❡s ❡❧❡tr♦stát✐❝❛s✳ ❊ss❛s ✐♥✲

t❡r❛çõ❡s ♦❝♦rr❡♠ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ♥❛s ❢❡♥❞❛s ♠❛✐♦r ❡ ♠❡♥♦r ❞❛ ❤é❧✐❝❡✱ ♦♥❞❡ ❛ ❡①♣♦s✐çã♦

❞♦s ❣r✉♣♦s ❢✉♥❝✐♦♥❛✐s ❞♦s ♣❛r❡s ❞❡ ❜❛s❡s ❢❛❝✐❧✐t❛ ❛ ❧✐❣❛çã♦✱ s❡♥❞♦ ❛ ❢♦rç❛ ❡ ❡st❛❜✐❧✐❞❛❞❡

❞❡ss❛s ✐♥t❡r❛çõ❡s ✐♥✢✉❡♥❝✐❛❞❛s ♣❡❧❛ ❢♦rç❛ ✐ô♥✐❝❛ ❞♦ ♠❡✐♦ ❬✶✸❪✳

❊♠ ✉♠❛ ❡s❝❛❧❛ ♠❛❝r♦s❝ó♣✐❝❛✱ ❛s ✐♥t❡r❛çõ❡s ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ sã♦ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡

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

❝❛rr❡❣❛❞♦s ❞♦ ❉◆❆ ❡ ♦s ❣r✉♣♦s ❢✉♥❝✐♦♥❛✐s ♦r❣â♥✐❝♦s ❞♦s ❝♦♠♣♦st♦s ❝❛t✐ô♥✐❝♦s✳ P♦r ♦✉tr♦

❧❛❞♦✱ ❡♠ ✉♠❛ ❡s❝❛❧❛ ♠✐❝r♦s❝ó♣✐❝❛✱ ❛s ✐♥t❡r❛çõ❡s ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ ♦❝♦rr❡♠✱ ♦♥❞❡ ♦s ❞✐♣♦❧♦s

❞❛s ♠♦❧é❝✉❧❛s ✐♥t❡r❛❣❡♠ ♣❛r❛ ❢♦r♠❛r ❡str✉t✉r❛s ♣❡r♠❛♥❡♥t❡s ♦✉ ✐♥❞✉③✐❞❛s✳ ❊ss❡ t✐♣♦ ❞❡

✐♥t❡r❛çã♦ é ♠❡❞✐❛❞♦ ♣❡❧❛s ❢♦rç❛s ❞❡ ❱❛♥ ❞❡r ❲❛❛❧s✱ ❛s q✉❛✐s sã♦ ✐♥t❡r❛çõ❡s ✐♥t❡r♠♦❧❡❝✉❧❛✲

r❡s ❢r❛❝❛s✱ ♠❛s ✐♠♣♦rt❛♥t❡s ♥❛ ❡st❛❜✐❧✐③❛çã♦ ❞❛s ❛ss♦❝✐❛çõ❡s ❡♥tr❡ ♦s ❝♦♠♣♦st♦s ❝❛t✐ô♥✐❝♦s

❡ ♦ ❉◆❆ ❬✺✷❪✳

❆ ✐♥t❡r❛çã♦ ❡♥tr❡ ❝♦♠♣♦st♦s ❝❛t✐ô♥✐❝♦s ❡ ❛s ❢❡♥❞❛s ❞♦ ❉◆❆ é ❡ss❡♥❝✐❛❧ ♣❛r❛ ❛ q✉✐✲

♠✐♦t❡r❛♣✐❛ ❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❛♥t✐❜✐ót✐❝♦s✱ ♣♦✐s ♣❡r♠✐t❡ ❛ ❧✐❣❛çã♦ s❡❧❡t✐✈❛ ❞❡ss❡s

❝♦♠♣♦st♦s ❛♦ ❉◆❆ ❞❡ ❝é❧✉❧❛s ❝❛♥❝❡rí❣❡♥❛s✱ t♦r♥❛♥❞♦ ❛ t❡r❛♣✐❛ ♠❛✐s ❡✜❝❛③ ❡ s❡❣✉r❛✳ ❊ss❛

s❡❧❡t✐✈✐❞❛❞❡ ✐♥❞✉③ ❛ ❛♣♦♣t♦s❡ ❞❛s ❝é❧✉❧❛s ❞♦❡♥t❡s✱ ♣r❡s❡r✈❛♥❞♦ ♦s t❡❝✐❞♦s s❛✉❞á✈❡✐s ❡ r❡✲

❞✉③✐♥❞♦ ♦s ❡❢❡✐t♦s ❝♦❧❛t❡r❛✐s ❬✺✸✱ ✺✹❪✳ ❆❧é♠ ❞✐ss♦✱ ❛♦ ❛t✉❛r❡♠ ❞❡ ❢♦r♠❛ ❞✐r❡❝✐♦♥❛❞❛✱ ❡ss❡s

❝♦♠♣♦st♦s ❛✉♠❡♥t❛♠ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ tr❛t❛♠❡♥t♦ ❡ ♠✐♥✐♠✐③❛♠ ❛s r❡❛çõ❡s ❛❞✈❡rs❛s ❛ss♦✲

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

♣r❡❝✐s❛ ❡ ✉♠❛ ♠❡❧❤♦r q✉❛❧✐❞❛❞❡ ❞❡ ✈✐❞❛ ♣❛r❛ ♦s ♣❛❝✐❡♥t❡s ❬✺✺❪✳

❊ss❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s ❝♦❧❛t❡r❛✐s ✐♥❞❡s❡❥❛❞♦s ♣♦❞❡♠ t♦r♥❛r ♦s tr❛✲

t❛♠❡♥t♦s ♠❛✐s ❝♦♥❢♦rtá✈❡✐s ❡ ♠❡♥♦s ✐♥✈❛s✐✈♦s✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ✉♠❛ ❡①♣❡r✐ê♥❝✐❛ ♠❛✐s ♣♦✲

s✐t✐✈❛ ♣❛r❛ ♦s ♣❛❝✐❡♥t❡s✳ ❊ss❡s ❛✈❛♥ç♦s ♥ã♦ ❛♣❡♥❛s ❜❡♥❡✜❝✐❛♠ ❞✐r❡t❛♠❡♥t❡ ♦s ♣❛❝✐❡♥t❡s✱

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

❞❛❣❡♥s t❡r❛♣ê✉t✐❝❛s ✐♥♦✈❛❞♦r❛s ♣❛r❛ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝♦♥❞✐çõ❡s ♠é❞✐❝❛s ❬✺✻❪✳

❋✐❣✉r❛ ✹✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❢❡♥❞❛s ♠❛✐♦r ❡ ♠❡♥♦r ❝♦♠ ❉◆❆✳ ❋♦♥t❡✿
Pró♣r✐♦ ❛✉t♦r✳

✸✶



❆❧❣✉♥s ❝♦♠♣♦st♦s ♣♦❞❡♠ ♠❛♥✐❢❡st❛r ♠❛✐s ❞❡ ✉♠ t✐♣♦ ❞❡ ✐♥t❡r❛çã♦✱ ❝♦♠♦ ♦ ❝❛s♦ ❞❛

❈❧♦r♦q✉✐♥❛ q✉❡ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❢♦rç❛ ✐ô♥✐❝❛ ❞♦ ♠❡✐♦ ♣♦❞❡ ❛♣r❡s❡♥t❛r tr❛ç♦s ❞❡ ✐♥t❡r❝❛❧❛çã♦

♦✉ ❧✐❣❛çã♦ ❞❡ ❢❡♥❞❛s ❬✺✼❪✳

✹✳✹ ▼ú❧t✐♣❧♦s ♠♦❞♦s ❞❡ ❧✐❣❛çã♦ ❡ ✐♥t❡r❛çã♦ ❝♦✈❛❧❡♥t❡

❆❧❣✉♥s ❢ár♠❛❝♦s ❞❡s❡♥✈♦❧✈✐❞♦s ♣❛r❛ ♦ tr❛t❛♠❡♥t♦ ❞♦ ❝â♥❝❡r✱ ❝♦♠♦ ♦s ❝♦♠♣❧❡①♦s ❞❡

♣❧❛t✐♥❛✱ ❡①❡♠♣❧✐✜❝❛♠ ❛❣❡♥t❡s ❝❛♣❛③❡s ❞❡ ❡st❛❜❡❧❡❝❡r ♠ú❧t✐♣❧♦s t✐♣♦s ❞❡ ✐♥t❡r❛çã♦ ❝♦♠ ♦

❉◆❆ ♦✉ ♠❛♥✐❢❡st❛r ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s✳ ❊ss❛s ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s ✐♠♣❧✐❝❛♠ ♥❛ ❢♦r♠❛çã♦

❞❡ ✈í♥❝✉❧♦s ❡stá✈❡✐s ❡♥tr❡ át♦♠♦s✱ ❝♦♠♦ ♦s ♣r❡s❡♥t❡s ♥❛ ❝✐s♣❧❛t✐♥❛✱ ❡ ♦s át♦♠♦s ❞❡ ♥✐tr♦✲

❣ê♥✐♦ ❞❛s ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s ❞♦ ❉◆❆✳ ❊ss❛ ✈❡rs❛t✐❧✐❞❛❞❡ ❞❡ ✐♥t❡r❛çã♦ é ✐♥✢✉❡♥❝✐❛❞❛ ♥ã♦

❛♣❡♥❛s ♣❡❧❛ ❡str✉t✉r❛ q✉í♠✐❝❛ ❞❡ss❡s ❝♦♠♣♦st♦s✱ ♠❛s t❛♠❜é♠ ♣♦r ❢❛t♦r❡s ❛♠❜✐❡♥t❛✐s✱

❝♦♠♦ ❛ ❢♦rç❛ ✐ô♥✐❝❛ ❞♦ ♠❡✐♦✱ ❝♦♥❝❡♥tr❛çã♦✱ ♣❍✱ ❡♥tr❡ ♦✉tr♦s ❛s♣❡❝t♦s✳ ❬✺✽❪ ❚❛✐s ❞✐st♦rçõ❡s

✐♥t❡r❢❡r❡♠ ♥❛ r❡♣❧✐❝❛çã♦ ❡ tr❛♥s❝r✐çã♦ ❞♦ ❉◆❆✱ ❜❧♦q✉❡❛♥❞♦ ❛ sí♥t❡s❡ ❞❡ ♥♦✈❛s ♠♦❧é❝✉❧❛s

♥❡❝❡ssár✐❛s ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❡ s♦❜r❡✈✐✈ê♥❝✐❛ ❞❛s ❝é❧✉❧❛s ❝❛♥❝❡rí❣❡♥❛s✳

❯♠ ❝♦♠♣♦st♦ ❢❛♠♦s♦✱ Ps♦r❛❧❡♥✱ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ tr❛t❛♠❡♥t♦ ❞❡ ♠❡❧❛♥♦♠❛s✱ ✈✐t✐❧✐❣♦ ❡

♦✉tr❛s ❞♦❡♥ç❛s r❡❧❛❝✐♦♥❛❞❛s ❛♦ t❡❝✐❞♦ ❡♣✐t❡❧✐❛❧ ♣♦ss✉í ✐♥t❡r❛çõ❡s ♠❛✐s ❝♦♠♣❧❡①❛s✳ ❊ss❡

❧✐❣❛♥t❡ q✉❛♥❞♦ ❡①♣♦st♦ ❛ ❧✉③ ❯❱❆✱ ❯❧tr❛✈✐♦❧❡t❛ ❆ ✭λ ∼ 320 − 400nm✮✱ ❢♦r♠❛ ❧✐❣❛✲

çã♦ ❝♦✈❛❧❡♥t❡ ❝♦♠ ❉◆❆✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ q✉❛♥❞♦ s✉❥❡✐t♦ à ❛çã♦ ❞♦ ❯❱❇✱ ❯❧tr❛✈✐♦❧❡t❛

❇ ✭λ ∼ 280 − 320nm✮✱ ❝✉❥❛ ✐♥t❡r❛çã♦ ❝♦♠ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ♦❝♦rr❡ ✈✐❛ ✐♥t❡r❝❛❧❛çã♦

❬✺✾✱ ✻✵❪✳

❖s ❝♦♠♣❧❡①♦s ❞❡ ♣❧❛t✐♥❛✱ r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛ ❝✐s♣❧❛t✐♥❛ ❡ ❝❛r❜♦♣❧❛t✐♥❛✱ ❝♦♥st✐t✉❡♠ ✉♠❛

❝❧❛ss❡ ❡ss❡♥❝✐❛❧ ❞❡ ❝♦♠♣♦st♦s ♥❛ q✉✐♠✐♦t❡r❛♣✐❛ ❞♦ ❝â♥❝❡r✱ ❡st❛❜❡❧❡❝❡♥❞♦ ✉♠❛ ❝♦♥❡①ã♦ ✐♥✲

❞✐ss♦❧ú✈❡❧ ❝♦♠ ♦ ❉◆❆✳ ❙✉❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡st❛❜❡❧❡❝❡r ❧✐❣❛çõ❡s ❝♦✈❛❧❡♥t❡s ❝♦♠ ♦ ❉◆❆✱

❡♥tr❡ ♦s át♦♠♦s ❞❡ ♣❧❛t✐♥❛ ❡ ♥✐tr♦❣ê♥✐♦ ❞❛s ❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s✱ ❞❡s❡str✉t✉r❛♠ ❛ ❞✉♣❧❛

❤é❧✐❝❡ ❞♦ ❉◆❆✱ ✐♥t❡r❢❡r✐♥❞♦ ♥❛ r❡♣❧✐❝❛çã♦ ❡ tr❛♥s❝r✐çã♦ ❞♦ ♠❛t❡r✐❛❧ ❣❡♥ét✐❝♦ r❡s✉❧t❛♥❞♦

♥❛ ✐♥✐❜✐çã♦ ❞♦ ❝r❡s❝✐♠❡♥t♦ ❝❡❧✉❧❛r ❬✻✶✱ ✻✷❪✳

Ps♦r❛❧❡♥ ❡ ❝♦♠♣❧❡①♦s ❞❡ ♣❧❛t✐♥❛ sã♦ ❡①❡♠♣❧♦s q✉❡ ✐❧✉str❛♠ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❡ ❛ s♦✜s✲

t✐❝❛çã♦ ❞❛s ❛❜♦r❞❛❣❡♥s t❡r❛♣ê✉t✐❝❛s ♥❛ ❜❛t❛❧❤❛ ❝♦♥tr❛ ♦ ❝â♥❝❡r✳ ❙✉❛s ✐♥t❡r❛çõ❡s ♠✉❧t✐✲

♠♦❞❛✐s ❝♦♠ ♦ ❉◆❆✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ✜❣✉r❛ ✹✳✸✱ ❢♦r♥❡❝❡♠ ✐♥❢♦r♠❛çõ❡s ✈❛❧✐♦s❛s s♦❜r❡ ♦s

♠❡❝❛♥✐s♠♦s ♠♦❧❡❝✉❧❛r❡s s✉❜❥❛❝❡♥t❡s ❛♦ ❝â♥❝❡r✱ ❡st❛❜❡❧❡❝❡♥❞♦ ✉♠ ❛❧✐❝❡r❝❡ ♣❛r❛ ♦ ❞❡s❡♥✲

✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈❛s ❡str❛té❣✐❛s t❡r❛♣ê✉t✐❝❛s ❬✻✸❪✳

✸✷



❋✐❣✉r❛ ✹✳✸✿ ■❧✉str❛çã♦ ❞❡♠♦♥str❛♥❞♦ ❞✐✈❡rs♦s t✐♣♦s ❞❡ ✐♥t❡r❛çõ❡s ♣♦ssí✈❡✐s ❡♥tr❡ ❝♦♠♣♦st♦s
❡ ♦ ❉◆❆✳ ❆❞❛♣t❛❞♦ ❞❡ ❬✻✹❪

❉❛❞♦ q✉❡ ✉♠ ❝♦♠♣♦st♦ ♣♦❞❡ ✐♥t❡r❛❣✐r ❝♦♠ ♦ ❉◆❆ ♣♦r ❞✐❢❡r❡♥t❡s ♠❡❝❛♥✐s♠♦s✱ ♦❝✉✲

♣❛♥❞♦ ❞✐st✐♥t♦s ♠♦❞♦s ❞❡ ❧✐❣❛çã♦ ❡ ❡①✐❜✐♥❞♦ ✈❛r✐❛❞❛s ♦r✐❣❡♥s ❞❡ ✐♥t❡r❛çã♦✱ t♦r♥❛✲s❡ ❢✉♥✲

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

♣r♦❝❡ss♦s ❝♦♠ ♣r❡❝✐sã♦✳ ◆❛ s❡çã♦ ❛ s❡❣✉✐r✱ s❡rá ❛♣r❡s❡♥t❛❞❛ ❛ ✐s♦t❡r♠❛ ❞❡ ▼❝●❤❡❡✲✈♦♥

❍✐♣♣❡❧✱ ❛❞♦t❛❞❛ ❝♦♠♦ ❜❛s❡ ❞❡st❡ ❡st✉❞♦✱ ❛ q✉❛❧ ♣❡r♠✐t❡ ❛ ♦❜t❡♥çã♦ ❞❡ ♣❛râ♠❡tr♦s ❜✐✲

♦q✉í♠✐❝♦s ❡ss❡♥❝✐❛✐s✱ ❝♦♠♦ ❛ ❢r❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❧✐❣❛❞❛s✱ ♦ ♥ú♠❡r♦ ❞❡ sít✐♦s ♦❝✉♣❛❞♦s ❡

❛ ❝♦♥st❛♥t❡ ❞❡ ❛ss♦❝✐❛çã♦ q✉í♠✐❝❛✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ✉♠❛ ❝♦♠♣r❡❡♥sã♦ ❞❡t❛❧❤❛❞❛ ❞❛ ✐♥t❡✲

r❛çã♦✳

✹✳✺ ▼♦❞❡❧♦ ❞❡ ▼❝●❤❡❡✲✈♦♥ ❍✐♣♣❡❧

❆ ✐♥t❡r❛çã♦ ❞❡ ✉♠ ❝♦♠♣♦st♦ ❝♦♠ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ♣♦❞❡ ♠♦❞✐✜❝❛r ❞❡ ❞✐✈❡rs❛s

♠❛♥❡✐r❛s ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❉◆❆✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♥❛t✉r❡③❛ ❞♦ ❝♦♠♣♦st♦ ❡ ❞♦ ♠♦❞♦ ❞❡

✐♥t❡r❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ✉♠❛ ♠♦❧é❝✉❧❛ ♣♦❞❡ ✐♥t❡r❛❣✐r ❞❡ ♠❛✐s ❞❡ ✉♠❛

♠❛♥❡✐r❛✱ ❛ ❞❡♣❡♥❞❡r ❞♦ ♠❡✐♦ ❡ ♦❝✉♣❛♥❞♦ ♠❛✐s ❞❡ ✉♠ sít✐♦ ❞❡ ❧✐❣❛çã♦✱ s✉r❣❡ ♦ ♠♦❞❡❧♦ ❞❡

❡①❝❧✉sã♦ ❞❡ ✈✐③✐♥❤♦s ❬✻✺❪✳

❉❡s❡♥✈♦❧✈✐❞♦ ❛ ♣❛rt✐r ❞❡ ♠♦❞❡❧♦s ❡st❛tíst✐❝♦s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❝♦♥❞✐❝✐♦♥❛❧ ❡ ♣r✐♥❝í♣✐♦s

❢ís✐❝♦✲q✉í♠✐❝♦s✱ ♥♦ ❛♥♦ ❞❡ ✶✾✼✹ ♦s ♣❡sq✉✐s❛❞♦r❡s✱ ❏❛♠❡s ❉✳ ▼❝●❤❡❡ ❡ P❡t❡r ❍✳ ❱♦♥ ❍✐♣✲

♣❡❧✱ s✉❣❡r❡♠ ✉♠ ♠♦❞❡❧♦ ♥♦✈♦ ♣❛r❛ ❛✈❛❧✐❛r ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❝♦♠♣♦st♦s ♦r❣â♥✐❝♦s ❝♦♠ ❛

♠♦❧é❝✉❧❛ ❞❡ ❉◆❆✱ ❞❡st❛❝❛♥❞♦ ♣♦r ❝♦♥s✐❞❡r❛r ✉♠❛ ❛❜♦r❞❛❣❡♠ ♣r♦❜❛❜✐❧íst✐❝❛ ❡ ❜✐♦q✉í♠✐❝❛

❞❡ ✉♠ ♥♦✈♦ ♣❛râ♠❡tr♦ ◆✳ ❆ ✈❛r✐á✈❡❧ N ✱ ♥ú♠❡r♦ ❞❡ ❡①❝❧✉sã♦ ❞♦s sít✐♦s ❧✐❣❛❞♦s✱♦✉ s❡❥❛

q✉❛♥t♦s ♣❛r❡s ❞❡ ❜❛s❡ ♣♦r ♠♦❧é❝✉❧❛ ❞❡ ❧✐❣❛♥t❡ ♣♦ss✐❜✐❧✐t♦✉ ❛ ♠❡❧❤♦r ❝♦♠♣r❡❡♥sã♦ ❞❡ q✉❡

✉♠ ❝♦♠♣♦st♦ ♣♦❞❡ ♦❝✉♣❛r ♠❛✐s ❞❡ ✉♠ sít✐♦ ❬✻✻❪✳

r

Cf

= K(1−Nr)

[

1−Nr

1− (N − 1)r

]N−1

✭✹✳✹✮

❙❡ ❝♦♥s✐❞❡r❛r♠♦s ♦ ❝❛s♦ ♠❛✐s s✐♠♣❧❡s✱ ✉♠ ❧✐❣❛♥t❡ ♦❝✉♣❛ ❛♣❡♥❛s ✉♠ sít✐♦ ❞❡ ❧✐❣❛çã♦✱

♦✉ s❡❥❛ ♣❛râ♠❡tr♦ ◆ ✐❣✉❛❧ à ✶ ♥❛ ❡q✉❛çã♦ ✹✳✹✱ r❡t♦r♥❛♠♦s ❛ ✐s♦t❡r♠❛ ❛♥t❡r✐♦r ❞❡s❝r✐t❛
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♣♦r ❙❝❛t❝❤❛r❞ ✹✳✸✳ ❊✈✐❞❡♥❝✐❛♥❞♦ ❛ss✐♠✱ ❛ ✈❡rs❛t✐❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦✱ s❡ ❛❞❛♣✲

t❛♥❞♦ ❛ ❞✐❢❡r❡♥t❡s ❝♦♥t❡①t♦s ❞❡ ❧✐❣❛çã♦ ♠♦❧❡❝✉❧❛r✱ ❢♦r♥❡❝❡♥❞♦ ✐♥❢♦r♠❛çõ❡s ✈❛❧✐♦s❛s s♦❜r❡

❛s ✐♥t❡r❛çõ❡s ♠♦❧❡❝✉❧❛r❡s ❡♠ ❡st✉❞♦ ❬✻✼❪✳
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❈❛♣ít✉❧♦ ✺

❈♦r❛♥t❡ ❢❡♥♦t✐❛③í♥✐❝♦ ❆③✉r❡ ❆

❖s ❝♦r❛♥t❡s ❢❡♥♦t✐❛③í♥✐❝♦s r❡♣r❡s❡♥t❛♠ ✉♠❛ ❝❧❛ss❡ ❞❡ ❝♦♠♣♦st♦s ♦r❣â♥✐❝♦s ♥♦tá✈❡✐s

♣♦r s✉❛s ❧✐❣❛çõ❡s q✉í♠✐❝❛s ❛r♦♠át✐❝❛s ❝♦♥t❡♥❞♦ ◆✐tr♦❣ê♥✐♦ ❡ ❊♥①♦❢r❡ ❡♠ s✉❛s ❡str✉t✉r❛s

♠♦❧❡❝✉❧❛r❡s ❬✻✽❪✳ ❉❡♥tr♦ ❞❡ss❛ ❝❧❛ss❡✱ ❞❡st❛❝❛✲s❡ ♦ ❆③✉r❡ ❆✱ ❞❡✈✐❞♦ s❡✉ ♣❛♣❡❧ s✐❣♥✐✜❝❛t✐✈♦

❡♠ ❞✐✈❡rs❛s ár❡❛s ❝✐❡♥tí✜❝❛s ❡ ✐♥❞✉str✐❛✐s✱ t❛✐s ❝♦♠♦ ♠❛r❝❛❞♦r❡s ❞❡ ❝é❧✉❧❛s t✉♠♦r❛✐s ❡

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❡❧❡tr♦❝rô♠✐❝♦s ❬✻✾✱ ✼✵❪✳

❉❡r✐✈❛❞♦ ❞♦ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦✱ ❞❡s❝♦❜❡rt♦ ❡♠ ✶✾✵✻ ♣♦r ♠❡✐♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❡t✐✲

❧❛çã♦✱ ❡❧✐♠✐♥❛çã♦ ❞♦ ❣r✉♣♦ ♠❡t✐❧ ❞❛ ♠♦❧é❝✉❧❛ ✭CH3✮ ❞❡st❛❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✶✱ ♦ ❆③✉r❡ ❆

❝♦♠♣❛rt✐❧❤❛ ♣r♦♣r✐❡❞❛❞❡s q✉í♠✐❝❛s s❡♠❡❧❤❛♥t❡s✱ ❝♦♠♦ ❢♦t♦ss❡♥s✐❜✐❧✐❞❛❞❡ ❡ s♦❧✉❜✐❧✐❞❛❞❡✱

♦ t♦r♥❛♥❞♦ ❛♣❧✐❝á✈❡❧ ❡♠ ❞✐✈❡rs♦s ❝♦♥t❡①t♦s ❝✐❡♥tí✜❝♦s✱ ❞❡s❞❡ ♠❛r❝❛❞♦r❡s ❜✐♦❧ó❣✐❝♦s ❛té

s❡♥s♦r❡s ♥♦ ♠❡✐♦ ❝♦♠❡r❝✐❛❧✳ ❊♠❜♦r❛ ❛♠❜♦s✱ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦ ❡ ❆③✉r❡ ❆✱ s❡❥❛♠ ❝♦r❛♥t❡s

❢❡♥♦t✐❛③í♥✐❝♦s ❞❡ ❝♦❧♦r❛çã♦ ❛③✉❧✱ s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝♦✲q✉í♠✐❝❛s ❛♣r❡s❡♥t❛♠ ❛❧❣✉♠❛s

❞✐❢❡r❡♥ç❛s✳ ❖ ❝♦r❛♥t❡ ❆③✉r❡ ❆ ❝♦♠♣❛r❛❞♦ ❛♦ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦ é ♠❛✐s ❡stá✈❡❧ q✉✐♠✐❝❛✲

♠❡♥t❡ ✭♠❛✐♦r ✈✐❞❛ út✐❧✮✱ s❡❣✉r♦ ❡ ❡✜❝❛③ ❡♠ ♣r♦❝❡ss♦s ❜✐♦q✉í♠✐❝♦s ❬✼✶✱ ✼✷❪✳

❋✐❣✉r❛ ✺✳✶✿ ❉✐❢❡r❡♥ç❛ ♥❛ ❡str✉t✉r❛ q✉í♠✐❝❛ ❞♦ ❆③✉r❡ ❆ ❡ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦✳ ❈✐r❝✉❧❛❞❛
❡♠ ♣r❡t♦ ❛ ♣r❡s❡♥ç❛ ❞♦s r❛❞✐❝❛✐s ❈❍✷ ♥♦ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦✳❋♦♥t❡✿ Pró♣r✐♦ ❛✉t♦r✳

P♦❞❡♠♦s t❛♠❜é♠ ✈❡r ❞❡♣♦✐♠❡♥t♦s ♥❛ ❧✐t❡r❛t✉r❛ ❞❡♠♦♥str❛♥❞♦ q✉❡ ♦ ❆③✉r❡ ❆ ❝♦♠✲

♣❛r❛❞♦ ❛ ❣❡r❛çõ❡s ❛♥t❡r✐♦r❡s ❞❡ ❝♦r❛♥t❡s✱ ❝♦♠♦ ❆③✉r❡ ❇ ❡ ❆③✉❧ ❞❡ ▼❡t✐❧❡♥♦✱ ❞❡♠♦♥str❛

♠❛✐♦r ❡✜❝á❝✐❛ ♥♦ tr❛t❛♠❡♥t♦ ❞❡ ❞♦❡♥ç❛s ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❛s✳ ■ss♦ ♦❝♦rr❡✱ ✉♠❛ ✈❡③ q✉❡
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❡❧❡ ✐♥✐❜❡ ❡♥③✐♠❛s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❛♣♦♣t♦s❡ ❡ ❛❣r❡❣❛❞♦s ❞❡ ♣r♦t❡í♥❛s q✉❡ ❢♦r♠❛♠ ♦s

❡♠❛r❛♥❤❛❞♦s ♥❡✉r♦✜❜r✐❧❛r❡s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡❧❡ s❡ t♦r♥❡ ♠❛✐s ✐♥❞✐❝❛❞♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s

❜✐♦❧ó❣✐❝❛s ❡ t❡r❛♣ê✉t✐❝❛s ❬✼✸❪✳

❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ♥♦tá✈❡❧ ❞♦ ❆③✉r❡ ❆ é ❛ ❢♦t♦ss❡♥s✐❜✐❧✐❞❛❞❡✱ t♦r♥❛♥❞♦ ♦ ❝♦♠♣♦st♦

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

❧✉③ ❡ tr❛♥s❢❡r✐✲❧❛ ♣❛r❛ ♠♦❧é❝✉❧❛s ♣ró①✐♠❛s ♦ t♦r♥❛ ❡✜❝❛③ ♥❛ ❣❡r❛çã♦ ❞❡ ❡s♣é❝✐❡s r❡❛t✐✈❛s ❞❡

♦①✐❣ê♥✐♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ❞❛♥♦s s❡❧❡t✐✈♦s às ❝é❧✉❧❛s✲❛❧✈♦✳ ❊ss❛ ♣r♦♣r✐❡❞❛❞❡ é ❛♠♣❧❛♠❡♥t❡

❡①♣❧♦r❛❞❛ ❡♠ ❛♣❧✐❝❛çõ❡s t❡r❛♣ê✉t✐❝❛s ✐♥♦✈❛❞♦r❛s✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ♥❛ t❡r❛♣✐❛ ❢♦t♦❞✐♥â♠✐❝❛✱

♦♥❞❡ ♦ ❆③✉r❡ ❆ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ✐♥❞✉③✐r ❡❢❡✐t♦s t❡r❛♣ê✉t✐❝♦s ❡s♣❡❝í✜❝♦s ❡♠ ❝é❧✉❧❛s✲❛❧✈♦✳

❊ss❛ ❛❜♦r❞❛❣❡♠ é ❛♣❧✐❝❛❞❛ ❝♦♠ s✉❝❡ss♦ ♥♦ tr❛t❛♠❡♥t♦ ❞❡ ❞✐✈❡rs❛s ❝♦♥❞✐çõ❡s ♠é❞✐❝❛s✱

✐♥❝❧✉✐♥❞♦ ❝â♥❝❡r ❡ ❞♦❡♥ç❛s ✐♥❢❡❝❝✐♦s❛s ❬✼✹✱ ✼✺❪✳

❊ss❛ ❝❛r❛❝t❡ríst✐❝❛ t❛♠❜é♠ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

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

r✐❛✐s ❛♦ ♥í✈❡❧ ♠♦❧❡❝✉❧❛r✳ ❙✉❛ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡♠ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝♦♥❞✐çõ❡s

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

❝rô♠✐❝♦s✱ s❡♥s♦r❡s ❡ ♦✉tr♦s ❡q✉✐♣❛♠❡♥t♦s ❛✈❛♥ç❛❞♦s ❬✼✷❪✳

❉❡ss❛ ♠❛♥❡✐r❛✱ ❤á ✉♠❛ ♣r❡❢❡rê♥❝✐❛ ❝r❡s❝❡♥t❡ ♣❡❧♦ ✉s♦ ❞♦ ❆③✉r❡ ❆ ❞❡✈✐❞♦ à s✉❛ ♠❡♥♦r

t♦①✐❝✐❞❛❞❡ ❡ ♠❡❧❤♦r r❡❧❛çã♦ ❝✉st♦✲❜❡♥❡❢í❝✐♦✳ ❊ss❛ ❡s❝♦❧❤❛ r❡✢❡t❡ ♥ã♦ ❛♣❡♥❛s ❛s ♣r♦♣r✐❡✲

❞❛❞❡s q✉í♠✐❝❛s ❞♦s ❝♦♠♣♦st♦s✱ ♠❛s t❛♠❜é♠ ❝♦♥s✐❞❡r❛çõ❡s ♣rát✐❝❛s ❡ ❞❡ s❡❣✉r❛♥ç❛ ❡♠

❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s✱ ❝♦♠♦ ♣r♦❝❡ss♦s t❡r❛♣ê✉t✐❝♦s ❡ ♥♦✈♦s ♠❛t❡r✐❛✐s ❬✼✻❪✳

◗✉❛♥❞♦ ❜✉s❝❛♠♦s ♥❛ ❧✐t❡r❛t✉r❛ r❡s✉❧t❛❞♦s ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❝♦r❛♥t❡ ❆③✉r❡ ❆ ❡ ❛

♠♦❧é❝✉❧❛ ❞❡ ❉◆❆✱ ♥♦t❛✲s❡ q✉❡ t❡♠♦s ♣♦✉❝♦s ❡st✉❞♦s✳ ◆♦ ❡st❛❞♦ ❞❛ ❛rt❡✱ t❡♠♦s r❡s✉❧t❛❞♦s

✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s té❝♥✐❝❛s ❞❡ ♠ú❧t✐♣❧❛s ♠♦❧é❝✉❧❛s✱ ❞❡ ♠♦❞♦ q✉❡ t❡♠♦s ❡❢❡✐t♦s ❝♦❧❡t✐✈♦s

❡♥tr❡ ❛ ✐♥t❡r❛çã♦ ❞♦ ❝♦r❛♥t❡ ❝♦♠ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❉◆❆✱ t❛✐s ❝♦♠♦ ❊s♣❡❝tr♦s❝♦♣✐❛ ❯❱✲

❱✐s ❡ ❞✐❝r♦ís♠♦ ❝✐r❝✉❧❛r ❬✼✼✱ ✼✽❪✳❚❛♠❜é♠ ❢♦✐ ❡♥❝♦♥tr❛❞♦ ✉♠ ❡st✉❞♦ t❡ór✐❝♦ ❡st❛❜❡❧❡❝❡♥❞♦

✉♠ ✈í♥❝✉❧♦ ❡♥tr❡ ♣♦t❡♥❝✐❛✐s t❡r♠♦❞✐♥â♠✐❝♦s ❡ ❛ ✐s♦t❡r♠❛ ❞❡ ▼❈●❤❡❡✲❱♦♥ ❍✐♣♣❡❧✱ ❝✉❥♦

♦❜❥❡t✐✈♦ ❡r❛ ♦❜t❡r ♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❞❡ ✐♥t❡r❛çã♦ ❬✼✾❪✳ ◆❡ss❡s tr❛❜❛❧❤♦s ❢♦✐

✈❡r✐✜❝❛❞♦ q✉❡ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❆③✉r❡ ❆ ✐♥t❡r❛❣❡ ❝♦♠ ♦ ❉◆❆ ✈✐❛ ✐♥t❡r❝❛❧❛çã♦ ✐♥❞❡♣❡♥❞❡♥t❡

❞❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ❝♦♠ ♣❛râ♠❡tr♦ ❞❡ ❡①❝❧✉sã♦ ✭◆✮ ❡st✐♠❛❞♦ ❡♠ t♦r♥♦ ❞❡ ✹✱✺ ❡ ❝♦♥st❛♥t❡ ❞❡

❛ss♦❝✐❛çã♦ q✉í♠✐❝❛ ✭Ki✮ ♥❛ ♦r❞❡♠ ❞❡ 105 ▼−1✳
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❚é❝♥✐❝❛ ❡ ♠❡t♦❞♦❧♦❣✐❛
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❈❛♣ít✉❧♦ ✻

P✐♥ç❛ ó♣t✐❝❛

◆❡st❡ ❝❛♣ít✉❧♦ s❡rá ❞✐s❝✉t✐❞♦ ❝♦♠ ♠❛✐s ❞❡t❛❧❤❡s ❛ r❡s♣❡✐t♦ ❞❛ ❤✐stór✐❛ ❡ ❞❡s❡♥✈♦❧✈✐✲

♠❡♥t♦ ❞❛ ♣✐♥ç❛ ó♣t✐❝❛✱ ❝♦♠ ♦s ❛s♣❡❝t♦s ❣❡r❛✐s ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ té❝♥✐❝❛ ❛♣❧✐❝❛❞❛ ❛♦

❡st✉❞♦ ❞❡ s✐st❡♠❛s ❉◆❆ ✲ ▲✐❣❛♥t❡s✳

✻✳✶ ❆s♣❡❝t♦ ❤✐stór✐❝♦

❆♦ ✜♥❛❧ ❞♦ sé❝✉❧♦ ❳❱■■✱ ♥♦ ♣❡rí♦❞♦ ♣♦st❡r✐♦r♠❡♥t❡ ❝♦♥❤❡❝✐❞♦ ♣♦r ■❧✉♠✐♥✐s♠♦ s✉r❣❡

❛ ♣❡r❣✉♥t❛ ♣r♦✈♦❝❛❞♦r❛ ✧❖ q✉❡ é ❛ ❧✉③❄✧✱ ❛♣❛r❡❝❡ ❛ss✐♠ ❞✉❛s ❧✐♥❤❛s ❞❡ ♣❡♥s❛♠❡♥t♦

❡♠ ❜✉s❝❛ ❞❡ r❡s♣♦st❛s ❛ ♣❡r❣✉♥t❛✳ ❊♠ ✶✻✾✵✱ ♦ ❢ís✐❝♦ ❤♦❧❛♥❞ês ❈❤r✐st✐❛❛♥ ❍✉②❣❡♥s

✭✶✻✷✾✕✶✻✾✺✮ ❡♠ s❡✉ ❧✐✈r♦ ❚r❛✐té ❞❡ ❧❛ ▲✉♠✐èr❡✿ ❖ù s♦♥t ❡①♣❧✐q✉é❡s ❧❡s ❝❛✉s❡s ❞❡ ❝❡ q✉✐

❧✉② ❛rr✐✈❡ ❞❛♥s ❧❛ r❡✢❡①✐♦♥ ❞❛♥s ❧❛ r❡❢r❛❝t✐♦♥✹✭✶✻✾✵✮ ❛♦ t❡♥t❛r r❡s♣♦♥❞❡r ❡ss❛ ♣❡r❣✉♥t❛

❞❡s❡♥✈♦❧✈❡✉ ✉♠❛ t❡♦r✐❛ q✉❡ ❞❡❢❡♥❞✐❛ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❛ ❧✉③ ♣♦ss✉✐ ✉♠ ❝❛rát❡r ♦♥❞✉❧❛✲

tór✐♦ ❡ ♦s ❢❡♥ô♠❡♥♦s ❝♦♠♦ r❡✢❡①ã♦✱ r❡❢r❛çã♦ ♦❝♦rr❡♠ ❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❡ ✐♥t❡r❛çã♦ ❞♦

➱t❡r ♥♦ ✉♥✐✈❡rs♦✳ P♦st❡r✐♦r♠❡♥t❡ ❡ss❡s ❛r❣✉♠❡♥t♦s s❡r✈✐r❛♠ ❞❡ ❛❧✐❝❡r❝❡ ♣❛r❛ ❚❡♦r✐❛ ❖♥✲

❞✉❧❛tór✐❛✳ ❊♠ ♦♣♦s✐çã♦ ❛ ❍✉②❣❡♥s✱ ♦ ❢ís✐❝♦ ❜r✐tâ♥✐❝♦ ■s❛❛❝ ◆❡✇t♦♥ ✭✶✻✹✷✕✶✼✷✼✮ ❡♠ s❡✉

❧✐✈r♦ ❖♣t✐❝❦s✿ ♦r✱ ❆ tr❡❛t✐s❡ ♦❢ t❤❡ r❡✢❡❝t✐♦♥s✱ r❡❢r❛❝t✐♦♥s✱ ✐♥✢❡①✐♦♥s ❛♥❞ ❝♦❧♦✉rs ♦❢ ❧✐❣❤t
✺ ✭✶✼✵✹✮ ❛r❣✉♠❡♥t❛✱ ❛ ♣❛rt✐r ❞❛ ❢♦r♠❛çã♦ ❞❡ ♣❡♥✉♠❜r❛ ❡ ❢❡♥ô♠❡♥♦s ❛str♦♥ô♠✐❝♦s✱ q✉❡ ❛

❧✉③ é ❢♦r♠❛❞❛ ♣♦r ♣❡q✉❡♥❛s ♣❛rtí❝✉❧❛s ❞❡ ♠❛ss❛ ♠✉✐t♦ ♣❡q✉❡♥❛✱ ❢✉♥❞❛♠❡♥t❛♥❞♦ ❛ss✐♠ ♦

q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ r❡❝❡❜❡✉ ♦ ♥♦♠❡ ❞❡ ❚❡♦r✐❛ ❈♦r♣✉s❝✉❧❛r ❬✽✵✱ ✽✶✱ ✽✷❪✳

◗✉❛s❡ ✶✺✵ ❛♥♦s ❞❡♣♦✐s✱ ❛♣ós ✉♠❛ sér✐❡ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❡ ❤✐♣ót❡s❡s✱ ❡♠ ✶✽✻✺ ❏❛♠❡s

❈❧❛r❦ ▼❛①✇❡❧❧ ♣r♦♣õ❡ ❡♠ s❡✉ ❛rt✐❣♦ ❆ ❉②♥❛♠✐❝❛❧ ❚❤❡♦r② ♦❢ t❤❡ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❋✐❡❧❞

❛ ✉♥✐✜❝❛çã♦ ❡♥tr❡ ♦ ❡❧❡tr♦♠❛❣♥❡t✐s♠♦ ❡ ❛ ó♣t✐❝❛✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛ss✐♠ ❛ t❡♦r✐❛ ❝❧áss✐❝❛

q✉❡ t❡♠♦s ❤♦❥❡ ❬✽✸❪✳ ❆❧é♠ ❞✐ss♦✱ ▼❛①✇❡❧❧ ❞❡♠♦♥str♦✉ ❞❡ ♠❛♥❡✐r❛ t❡ór✐❝❛ ❛ ♣r❡ssã♦ ❞❡

r❛❞✐❛çã♦✱ r❡❧❛t❛❞❛ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❡♠ ✶✻✶✾ ♣♦r ❏♦❤❛♥♥❡s ❑❡♣❧❡r ♦❜s❡r✈❛♥❞♦ ❛s ❝❛✉❞❛s

❞❡ ❝♦♠❡t❛s s❡♥❞♦ r❡♣❡❧✐❞❛s ♣❡❧♦ ❙♦❧ ❬✽✹❪✳ ❋❛❧t❛✈❛ ❛ss✐♠ ♦❜s❡r✈❛r ♦ ❢❡♥ô♠❡♥♦ ❞❡ ♠❛♥❡✐r❛

✹❚r❛t❛❞♦ s♦❜r❡ ❛ ▲✉③✿ ❖♥❞❡ sã♦ ❡①♣❧✐❝❛❞❛s ❛s ❝❛✉s❛s ❞♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ❡❧❛ ♥❛ r❡✢❡①ã♦ ❡ ♥❛ r❡❢r❛çã♦✱
❡♠ ♣♦rt✉❣✉ês✳

✺Ó♣t✐❝❛✿ ♦✉✱ ✉♠ tr❛t❛❞♦ ❞❛s r❡✢❡①õ❡s✱ r❡❢r❛çõ❡s✱ ✐♥✢❡①õ❡s ❡ ❝♦r❡s ❞❛ ❧✉③✱ ❡♠ ♣♦rt✉❣✉ês✳
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❡①♣❡r✐♠❡♥t❛❧✱ ❛♦ ❧♦♥❣♦ ❞♦s ❛♥♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❞✐✈❡rs♦s ❡①♣❡r✐♠❡♥t♦s✱ ♠❛s ❤❛✈✐❛♠ ❞✐✲

✜❝✉❧❞❛❞❡s r❡❧❛❝✐♦♥❛❞❛s ❛♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡ ❜❛✐①❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③✳

❆ ♣❛rt✐r ❞♦s ❡st✉❞♦s t❡ór✐❝♦s ❞❡ ❆❧❜❡rt ❊✐♥st❡✐♥ s♦❜r❡ r❛❞✐❛çã♦ ❡st✐♠✉❧❛❞❛ ❡ ❝♦♠ ❝r✐s✲

t❛❧ r✉❜✐✱ ♥♦s ❧❛❜♦r❛tór✐♦s ❞❛ ✉♥✐✈❡rs✐❞❛❞❡ ❞❛ ❈❛❧✐❢ór♥✐❛ ❞✉r❛♥t❡ ❛ ❞é❝❛❞❛ ❞❡ ✶✾✻✵ ❝♦♠

❚❤❡♦❞♦r❡ ▼❛✐♠❛♥ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✱ s❡ t♦r♥♦✉ ♣♦ssí✈❡❧ ❞❡s❡♥✈♦❧✈❡r ♦ ▲❆❙❊❘ ✭▲✐❣❤t ❆♠✲

♣❧✐✜❝❛t✐♦♥ ❜② ❙t✐♠✉❧❛t❡❞ ❊♠✐ss✐♦♥ ♦❢ ❘❛❞✐❛t✐♦♥✮✱ ❢❡✐①❡ ❞❡ ❧✉③ ♠♦♥♦❝r♦♠át✐❝♦✱ ❝♦❡r❡♥t❡

❡ ❝♦❧✐♠❛❞♦✳ P♦✉❝♦ t❡♠♣♦ ❞❡♣♦✐s✱ ❡❧❛❜♦r♦✉ ❞❡s❡♥❤♦s ✐❧✉str❛♥❞♦ ❛ ó♣t✐❝❛ ❞♦s ▲❆❙❊❘s✱

✐❧✉str❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✶✱ ❡ ❝♦♠♦ ♦❝♦rr❡ ❛ ❢♦❝❛❧✐③❛çã♦ ❞❛ ❧✉③✱ r❡❢r❛çã♦ ❡♠ s✐st❡♠❛s ❝♦♠✲

♣♦st♦s ♣♦r ❧❡♥t❡s✱ ✜❧❛♠❡♥t♦s ♠❡tá❧✐❝♦s✱❡t❝✳ q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ s❡r✈✐r❛♠ ❝♦♠♦ ❜❛s❡ ♣❛r❛

❞✐s♣♦s✐t✐✈♦s ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ♠❛t❡r✐❛✐s ❬✽✺❪✳

❋✐❣✉r❛ ✻✳✶✿ ❉❡s❡♥❤♦s ❞❡ ❚❤❡♦❞♦r❡ ▼❛✐♠❛♥ ✐❧✉str❛♥❞♦ ♦s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s ❞♦ ▲❆❙❊❘✳❬✽✻❪

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ❞✐s♣♦s✐t✐✈♦ ♣♦ss✐❜✐❧✐t♦✉ ❆rt❤✉r ❆s❤❦✐♥ ❡♠ ✶✾✽✻ ❛ ❝r✐❛r ✉♠❛ té❝✲

♥✐❝❛ ❞❡ ❛♣r✐s✐♦♥❛♠❡♥t♦✱ ♣♦st❡r✐♦r♠❡♥t❡ ❞❡♥♦♠✐♥❛❞❛ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ ❬✽✼❪✳ ❘❡❝❡♥t❡♠❡♥t❡✱

♥♦ ❛♥♦ ❞❡ ✷✵✶✽✱ ❆s❤❦✐♥ ❢♦✐ ❧❛✉r❡❛❞♦ ♣❡❧❛ ❛❝❛❞❡♠✐❛ s✉❡❝❛ ❞❡ ❝✐ê♥❝✐❛ ❝♦♠ ♦ ♣rê♠✐♦ ◆♦❜❡❧

❞❡ ❋ís✐❝❛ ♣❡❧♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ té❝♥✐❝❛ ❞❡ ♣✐♥ç❛♠❡♥t♦ ó♣t✐❝♦ ❡ ❛s s✉❛s ❛♣❧✐❝❛çõ❡s ❡♠

s✐st❡♠❛s ❜✐♦❧ó❣✐❝♦s ❬✽✽❪✳

✻✳✷ ❚❡♦r✐❛ ❞❛ ♣✐♥ç❛ ó♣t✐❝❛

❆ té❝♥✐❝❛ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ é ❢✉♥❞❛♠❡♥t❛❞❛ ♥♦ ✉s♦ ❞❡ ✉♠ ▲❆❙❊❘ ❢♦❝❛❧✐③❛❞♦✱ ❝✉❥❛ ♦

♦❜❥❡t♦ ❛♣r✐s✐♦♥❛❞♦ s❡❥❛ ❞❛ ❡s❝❛❧❛ ♠✐❝r♦s❝ó♣✐❝❛✳ P❛r❛ q✉❡ ♦❝♦rr❛ ♦ ♣✐♥ç❛♠❡♥t♦ sã♦ ♥❡✲

❝❡ssár✐❛s ❞✉❛s ❝♦♥❞✐çõ❡s✱ ♣r✐♠❡✐r❛ ❝♦♥❞✐çã♦ é q✉❡ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♥ã♦ s❡❥❛ ✉♥✐❢♦r♠❡ ❡ ❛

♦✉tr❛ q✉❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ s❡❥❛ ♠❛✐♦r q✉❡ ♦ ♠❡✐♦ ❝✐r❝✉♥❞❛♥t❡✳ ❘❡s♣❡✐✲

t❛❞❛s ❡ss❛s ❝♦♥❞✐çõ❡s✱ ❛ ✐♥t❡r❛çã♦ ❞❛ ❧✉③ ❝♦♠ ❛ ♠❛tér✐❛ ♣r♦✈♦❝❛ ✉♠❛ ❝♦♠♣❡t✐çã♦ ❡♥tr❡

❞✉❛s ❢♦rç❛s ó♣t✐❝❛s✱ ❣r❛❞✐❡♥t❡ ❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ❝✉❥♦s ♠ó❞✉❧♦s ❞❡♣❡♥❞❡♠ ❞❛ ♣♦tê♥❝✐❛ ❞♦

✸✾



❡q✉✐♣❛♠❡♥t♦ ❡ ❞♦ ♣❡r✜❧ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❬✽✾❪✳

P❛r❛ ❡st✐♠❛r ❛ ❢♦rç❛ ❛♣❧✐❝❛❞❛ s♦❜r❡ ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ♣♦❞❡♠♦s ✉t✐❧✐③❛r ❛ s❡❣✉♥❞❛ ▲❡✐

❞❡ ◆❡✇t♦♥✱ ❛ ❢♦rç❛ r❡s✉❧t❛♥t❡ é ✐❣✉❛❧ ✈❛r✐❛çã♦ t❡♠♣♦r❛❧ ❞♦ ♠♦♠❡♥t♦ ❧✐♥❡❛r✱ F =
♣✳
dt
✳ P♦✲

❞❡♠♦s r❡❧❛❝✐♦♥❛r ❛ ❡♥❡r❣✐❛ ❞♦ ❢ót♦♥ ❝♦♠ ♦ ♠♦♠❡♥t♦ ❧✐♥❡❛r ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛ p = E
c
✱

❡♠ q✉❡ ♣ é ♦ ♠♦♠❡♥t♦ ❧✐♥❡❛r ❞♦ ❢ót♦♥✱ ❊ é ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❡ ❝ é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳ ❉❡ss❛

♠❛♥❡✐r❛✱ é ♣♦ssí✈❡❧ ❡st✐♠❛r ❛ ❢♦rç❛ q✉❡ ♦ ❢ót♦♥ ❡①❡r❝❡ s♦❜r❡ ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ❞❛ s❡❣✉✐♥t❡

♠❛♥❡✐r❛✿

F =
1

c

(

∂E

∂t

)

=
Ptotal·

c
✱ ✭✻✳✶✮

❡♠ q✉❡ Ptotal é ❛ ♣♦tê♥❝✐❛ ❞♦ ▲❆❙❊❘✱ ❡st❛❜❡❧❡❝✐❞❛ ♣❡❧❛ ❢♦♥t❡ ❡ ❝ é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳

❆ ♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r é ✉♠❛ ✈❛r✐á✈❡❧ q✉❡ ♣♦❞❡♠♦s ❝♦♥tr♦❧❛r ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ q✉❡ ♥♦s

♣❡r♠✐t❡ ❛❧t❡r❛r ❛ ❝♦♥st❛♥t❡ ❞❡ ❛♣r✐s✐♦♥❛♠❡♥t♦✳ P❛r❛ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ ♥♦

r❡❣✐♠❡ ❡♥tró♣✐❝♦ ❞♦ ❉◆❆✱ ♦♣❡r❛♠♦s ✉♠ ▲❆❙❊❘ ❝✉❥❛ ♣♦tê♥❝✐❛ ❡stá ♥❛ ♦r❞❡♠ ❞❡ ♠✐❧✐✇❛tts

✭10−3 ❲✮✳ ❙✉❜st✐t✉✐♥❞♦ ❡ss❡ ✈❛❧♦r ♥❛ ❡q✉❛çã♦ ✻✳✶✱ ♣♦❞❡♠♦s ❡st✐♠❛r ❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛

❞❛ ❢♦rç❛ ❛♣❧✐❝❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

F ≈
1× 10−3

3× 108
≃ 4× 10−12N ✭✻✳✷✮

✻✳✸ ❘❡❣✐♠❡s ó♣t✐❝♦s ✲ P✐♥ç❛ ó♣t✐❝❛

❆ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ ❛ ♣✐♥ç❛ ó♣t✐❝❛ s❡rá ❛♥❛❧✐s❛❞❛ ❡♠ ❞♦✐s r❡❣✐♠❡s ❡①tr❡✲

♠♦s✿ ♦ r❡❣✐♠❡ ❞❡ ❘❛②❧❡✐❣❤ ❡ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛✳

❖ r❡❣✐♠❡ ❞❛ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛ é ❛♣❧✐❝❛❞♦ q✉❛♥❞♦ t❡♠♦s ♣❛rtí❝✉❧❛s ❝✉❥❛s ❞✐♠❡♥sõ❡s

sã♦ ♠✉✐t♦ ♠❛✐♦r❡s ❞♦ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ◆❡ss❡ r❡❣✐♠❡✱ ♥ã♦ ❤á

❡❢❡✐t♦s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❡ q✉❛♥❞♦ ❛ ❧✉③ ✐♥t❡r❛❣❡ ❝♦♠ ♦❜❥❡t♦s ❞❡ t❛♠❛♥❤♦

❝♦♠♣❛rá✈❡❧ ❛♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ◆♦ ❝♦♥t❡①t♦ ❞❛ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛✱ ♦s ❢❡✐①❡s ❞❡

❧✉③ ♣r♦♣❛❣❛♠✲s❡ ❡♠ ❧✐♥❤❛ r❡t❛✱ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ❡♥tr❡ s✐ ❡ sã♦ r❡✈❡rsí✈❡✐s✱ s❡♥❞♦ ❛ss✐♠

♥ã♦ ❤á ❢❡♥ô♠❡♥♦s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ ❡ ❞✐❢r❛çã♦ ♥❡ss❡ r❡❣✐♠❡ ❬✾✶❪✳

❏á ♥♦ r❡❣✐♠❡ ♦♣♦st♦ ✭❘❛②❧❡✐❣❤✮✱ é ✈á❧✐❞♦ q✉❛♥❞♦ ❛s ❞✐♠❡♥sõ❡s ❞❛s ♣❛rtí❝✉❧❛s sã♦ ♠✉✐t♦

♠❡♥♦r❡s q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ♥❡ss❡ ❝♦♥t❡①t♦ ♣♦❞❡♠♦s ❛♣r♦①✐♠❛r

❛s ♣❛rtí❝✉❧❛s ♣♦r ❞✐♣♦❧♦s ❡❧étr✐❝♦s✳ P❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ❛♣r✐s✐♦♥❛r ♥❡ss❡ r❡❣✐♠❡ é ♥❡❝❡s✲

sár✐♦ ✉♠❛ ♥ã♦ ✉♥✐❢♦r♠✐❞❛❞❡ ♥♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❬✾✵❪✳

◆❛s ♣ró①✐♠❛s s❡çõ❡s✱ s❡rá r❡❛❧✐③❛❞❛ ✉♠❛ ❛♥á❧✐s❡ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❛♣r✐✲

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

✜❣✉r❛ ✻✳✷✱ q✉❡ ❡①❡♠♣❧✐✜❝❛ ❝❛❞❛ r❡❣✐♠❡ ó♣t✐❝♦✳
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❋✐❣✉r❛ ✻✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ❞✐❢❡r❡♥t❡s r❡❣✐♠❡s ❞❛ ♣✐♥ç❛ ó♣t✐❝❛✱ ❛ ❡sq✉❡r❞❛ ❘❛②❧❡✐❣❤t ❡
❞✐r❡✐t❛ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛✳ ❋♦♥t❡✿ Pró♣r✐♦ ❛✉t♦r✳

❈♦♠ ❛ té❝♥✐❝❛ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ é ♣♦ssí✈❡❧ ❛♣❧✐❝❛r ❢♦rç❛s ♥❛ ❡s❝❛❧❛ ❞❡ ❢❡♠t♦♥❡✇t♦♥ ✭✶✵−15

◆✮ ❛té ❝❡♥t❡♥❛s ❞❡ ♣✐❝♦♥❡✇t♦♥ ✭✶✵−12 ◆✮✱ ❞❡ss❛ ♠❛♥❡✐r❛ ❡❧❛ é ❝❧❛ss✐✜❝❛❞❛ ❝♦♠♦ ✉♠❛

té❝♥✐❝❛ ♥ã♦ ✐♥✈❛s✐✈❛ ❡ ♣r❡❝✐s❛✳ P❡r♠✐t✐♥❞♦ ❛ss✐♠✱ ❡①♣❧♦r❛r ❡ ❝♦♠♣r❡❡♥❞❡r ♣r♦♣r✐❡❞❛❞❡s

❞❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ♥❛ ❜✐♦❧♦❣✐❛ ♥❛ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ❝é❧✉❧❛s✱ t❡❝✐❞♦s✱

❡t❝✳ ❡ ❧✐❣❛s ❞❡ ♠❛t❡r✐❛✐s ♥ã♦ ✉s✉❛✐s ❝♦♠♦ ♥❛♥♦♣❛rtí❝✉❧❛s s❡♠✐✲❝♦♥❞✉t♦r❛s ❬✾✷❪✳

✻✳✸✳✶ Ó♣t✐❝❛ ❣❡♦♠étr✐❝❛

◆♦ r❡❣✐♠❡ ❞❛ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛✱ ❝♦♥s✐❞❡r❛♠♦s ❛s ❞✐♠❡♥sõ❡s ❞♦ ♦❜❥❡t♦ sã♦ ♠✉✐t♦ ♠❛✐✲

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

P❛r❛ q✉❡ ♦❝♦rr❛ ♦ ❛♣r✐s✐♦♥❛♠❡♥t♦ ó♣t✐❝♦ ❝♦♠✱ sã♦ ♥❡❝❡ssár✐❛s ❞✉❛s ❝♦♥❞✐çõ❡s✿ ♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ s❡❥❛ ♠❛✐♦r q✉❡ ♦ ❞♦ ♠❡✐♦ ❡♠ q✉❡ ❡❧❛ ❡stá ✐♥s❡r✐❞❛ ❡ ✉♠❛ ❛❜❡rt✉r❛

♥✉♠ér✐❝❛ ❛❧t❛ ❬✾✸❪✳

❆ ♣r✐♠❡✐r❛ ❝♦♥❞✐çã♦ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❡❢❡✐t♦ ❞❛ r❡❢r❛çã♦✳ ❖ ❢❡♥ô♠❡♥♦ ❞❡ r❡❢r❛çã♦

♦❝♦rr❡ q✉❛♥❞♦ ❛ ❧✉③ ❛tr❛✈❡ss❛ ❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞♦✐s ♠❡✐♦s ❝♦♠ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❞✐❢❡r❡♥✲

t❡s✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ s✉❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦✳ ◗✉❛♥❞♦ ❛ ❧✉③ ♣❛ss❛ ❞❡

✉♠ ♠❡✐♦ ❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♠❡♥♦r ♣❛r❛ ✉♠ ♠❡✐♦ ❝♦♠ í♥❞✐❝❡ ♠❛✐♦r✱ ❡❧❛ s❡ ❛♣r♦①✐♠❛

❞❛ ♥♦r♠❛❧ ❞❛ s✉♣❡r❢í❝✐❡ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ ❚❡♥❞♦ ❡♠ ✈✐st❛ q✉❡ ❛ ❧✉③ ❝❛rr❡❣❛ ♠♦♠❡♥t♦ ❧✐♥❡❛r✱ ❛

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

❛ r❡❣✐ã♦ ❢♦❝❛❧ ❞♦ ▲❆❙❊❘ ❬✾✶❪✳ ❆ ❢♦rç❛ q✉❡ ♣❡r♠✐t❡ ♦ ❛♣r✐s✐♦♥❛♠❡♥t♦ ♥❛ r❡❣✐ã♦ ❞❡ ♠❛✐♦r

✐♥t❡♥s✐❞❛❞❡ ❞♦ ▲❆❙❊❘ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❣r❛❞✐❡♥t❡✳

❖✉tr♦ ❢❡♥ô♠❡♥♦ r❡❧❡✈❛♥t❡ é ❛ r❡✢❡①ã♦✱ q✉❡ ♦❝♦rr❡ q✉❛♥❞♦ ♣❛rt❡ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ♥ã♦

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

❆ r❡✢❡①ã♦ ❝♦♥tr✐❜✉✐ ♣❛r❛ ❛ ❝♦♥s❡r✈❛çã♦ ❞♦ ♠♦♠❡♥t♦ ❧✐♥❡❛r ❞♦ s✐st❡♠❛✱ ✐♠♣✉❧s✐♦♥❛♥❞♦ ❛

♣❛rtí❝✉❧❛ ♥❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③✳ ❏á ❡ss❛ ❢♦rç❛ q✉❡ ❡♠♣✉rr❛ ❛ ♣❛rtí❝✉❧❛

♥❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛♠♦s ♦ ♥♦♠❡ ❞❡ ❢♦rç❛ ❞❡ ♣r❡ssã♦ ❞❡ r❛❞✐❛çã♦ ❬✾✹❪✳

◆❛ ❋✐❣✉r❛ ✻✳✸ t❡♠♦s ✉♠❛ r❡♣r❡s❡♥t❛çã♦ s✐♠♣❧✐✜❝❛❞❛ ❞❛s ❢♦rç❛s ❞♦ s✐st❡♠❛ ❢❡✐①❡✲

♠✐❝r♦❡s❢❡r❛ ♥♦ r❡❣✐♠❡ ❞❛ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛✳

✹✶



❋✐❣✉r❛ ✻✳✸✿ ❋♦rç❛s ó♣t✐❝❛s ♥♦ r❡❣✐♠❡ ❞❛ Ó♣t✐❝❛ ●❡♦♠étr✐❝❛✳ ◆❛ ✜❣✉r❛ ✭❛✮ ♦ r❛✐♦ r❡✢❡t✐❞♦
r❡s✉❧t❛ ♥✉♠❛ ❢♦rç❛ q✉❡ ❡♠♣✉rr❛ ❛ ❡s❢❡r❛ ♥❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ❧✉③ ❡ ❛ r❡❢r❛çã♦ ❞❛
❧✉③ r❡s✉❧t❛ ♥✉♠❛ ❢♦rç❛ q✉❡ ❞✐r❡❝✐♦♥❛ ❛ ❡s❢❡r❛ ♣❛r❛ ♦ ❢♦❝♦✳ ◆❛ ✜❣✉r❛ ✭❜✮ ♦ ❡❢❡✐t♦ ❞❛ r❡❢r❛çã♦
❞♦s r❛✐♦s ❧❡✈❛ ❛ ✉♠ ❣❛♥❤♦ ❞❡ ♠♦♠❡♥t♦ tr❛♥s✈❡rs❛❧ ♣❡❧❛ ❧✉③ ❡✱ ❛ss✐♠✱ r❡s✉❧t❛ ♥✉♠❛ ❢♦rç❛
❧❛t❡r❛❧ ❧íq✉✐❞❛ ♥♦ s❡♥t✐❞♦ ♦♣♦st♦✳ ❬✾✺❪✳

❆❧é♠ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ s❡r ♠❛✐♦r q✉❡ ♦ ♠❡✐♦ ♣❛r❛ q✉❡ ♦❝♦rr❛ ♦ ❛♣r✐✲

s✐♦♥❛♠❡♥t♦✱ é ♥❡❝❡ssár✐♦ q✉❡ t❡♥❤❛♠♦s ✉♠❛ ❧❡♥t❡ ♦❜❥❡t✐✈❛ ❝♦♠ ❛❧t❛ ❛❜❡rt✉r❛ ♥✉♠ér✐❝❛✳

❆♦ ✉t✐❧✐③❛r ✉♠❛ ❧❡♥t❡ ❝♦♠ ❡ss❛ ❝♦♥❞✐çã♦ ❝♦♥s❡❣✉✐♠♦s ❢❛③❡r ❝♦♠ q✉❡ ❛ ❢♦rç❛ ❛♣r✐s✐♦♥❛❞♦r❛

s❡❥❛ ♠❛✐♦r q✉❡ ❛ ❡s♣❛❧❤❛❞♦r❛ ❬✾✻❪✳

✻✳✸✳✷ ❘❡❣✐♠❡ ❞❡ ❘❛②❧❡✐❣❤ ✲ ♠♦❞❡❧♦ ❞♦ ❞✐♣♦❧♦ ❡❧étr✐❝♦

◆♦ r❡❣✐♠❡ ❞❡ ❘❛②❧❡✐❣❤✱ ❝♦♥s✐❞❡r❛♠♦s ❛s ❞✐♠❡♥sõ❡s ❞❛s ♣❛rtí❝✉❧❛s ♠✉✐t♦ ♠❡♥♦r❡s q✉❡

♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ❞❡ss❛ ♠❛♥❡✐r❛ ♣♦❞❡♠♦s ❛♣r♦①✐♠❛r ❛ ♠✐❝r♦❡s❢❡r❛

♣♦r ✉♠ ❞✐♣♦❧♦ ❡❧étr✐❝♦✳ ◆❡ss❡ ❝❡♥ár✐♦✱ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③ ❛❞❛♣t❛❞❛

♣❛r❛ ✉♠ ❞✐♣♦❧♦ ❡❧étr✐❝♦✱ ❛♣r❡s❡♥t❛❞❛ ❡♠ ✻✳✸✱ ❝✉❥❛ ❞❡♠♦♥str❛çã♦ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥❛

r❡❢❡rê♥❝✐❛ ❬✾✼❪

F⃗ = (p⃗.∇)E⃗ +
dp⃗

dt
× B⃗, ✭✻✳✸✮

♦♥❞❡ p⃗ é ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❡❧étr✐❝♦✱ E⃗ ❡ B⃗ sã♦ ♦s ❝❛♠♣♦s ❡❧étr✐❝♦s ❡ ♠❛❣♥ét✐❝♦s

❡①t❡r♥♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛ ♠✐❝r♦❡s❢❡r❛ é s✐♠étr✐❝❛ ❡ ❡stá ❡♠ ✉♠

♠❡✐♦ ❧✐♥❡❛r✱ ♣♦❞❡♠♦s r❡❡s❝r❡✈❡r ❛ ❡q✉❛çã♦ ✻✳✸ ❡♠ t❡r♠♦s ❞❛ ♣♦❧❛r✐③❛❜✐❧✐❞❛❞❡ ❡❧étr✐❝❛✱ α✱

✹✷



❛♦ ✐♥✈és ❞♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦✳ ❆ss✐♠✱ ❛ ❡q✉❛çã♦ ❛♥t❡r✐♦r ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

F⃗ = α

[

1

2
∇|E⃗|2 +

d

dt
(E⃗ × B⃗)

]

✭✻✳✹✮

❉❡✈✐❞♦ à ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡✱ ❛ ✈❛r✐❛çã♦ t❡♠♣♦r❛❧ ❞♦ ✈❡t♦r ❞❡ P♦②♥t✐♥❣ é ♣❡q✉❡♥❛✱

❡♠❜♦r❛ ♣r❡s❡♥t❡✱ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛ ❝♦♠♦ ❝♦♥st❛♥t❡ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ❞❡ ✐♥t❡r❛çã♦✳

■ss♦ ❢❛③ ❝♦♠ q✉❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ✈❛r✐❛çã♦ t❡♠♣♦r❛❧ ❞♦ ✈❡t♦r ❞❡ P♦②♥t✐♥❣ s❡❥❛ ✐rr❡❧❡✈❛♥t❡

❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❢♦rç❛ ❡①❡r❝✐❞❛ ♣❡❧♦ ❣r❛❞✐❡♥t❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦✳ ❆ss✐♠✱ ❛♦ ❞❡s❝r❡✈❡r

♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ♥❛ ♣✐♥ç❛ ó♣t✐❝❛✱ ♣♦❞❡♠♦s ❞❡s♣r❡③❛r ♦ s❡❣✉♥❞♦ t❡r♠♦ ❬✾✽❪

|F⃗ | ∝ α
1

4
∇I ✭✻✳✺✮

❖ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❝❛♠♣♦ ❡❧étr✐❝♦ ♥♦s ❞á ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡ ♥❛

♠✐❝r♦❡s❢❡r❛✳ ❆ss✐♠✱ q✉❛♥❞♦ ❛♥❛❧✐s❛♠♦s ♥❛ ❡q✉❛çã♦ ❛♥t❡r✐♦r ✭✻✳✺✮✱ t❡♠♦s q✉❡ ❛ ❢♦rç❛

❛t✉❛♥t❡ s♦❜r❡ ❛ ♣❛rtí❝✉❧❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❣r❛❞✐❡♥t❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ▲❆❙❊❘✳ ◆❡ss❡

❝❛s♦✱ ❡st❛♠♦s tr❛❜❛❧❤❛♥❞♦ ❝♦♠ ✉♠ ❢❡✐①❡ ❝✉❥♦ ♣❡r✜❧ ❞❡ ✐♥t❡♥s✐❞❛❞❡ é ❣❛✉ss✐❛♥♦✳

❋✐❣✉r❛ ✻✳✹✿ ❋♦rç❛s ó♣t✐❝❛s ❞♦ ▲❆❙❊❘ ❡♠ ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ♥♦ r❡❣✐♠❡ ❞✐♣♦❧❛r✳ ❋♦♥t❡✿
Pró♣r✐♦ ❛✉t♦r✳

◆❛ ❋✐❣✉r❛ ✻✳✹✱ t❡♠♦s ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❞❛s ❢♦rç❛s ó♣t✐❝❛s ❡♠ ❞♦✐s ♣♦♥t♦s ❞✐❢❡r❡♥t❡s

❞♦ ▲❆❙❊❘✱ ❡♠ ✈❡r❞❡ ❛ ♣r❡ssã♦ ❞❡ r❛❞✐❛çã♦ ❡ ❡♠ ❛③✉❧ t❡♠♦s ❛ ❢♦rç❛ ❞❡ ❣r❛❞✐❡♥t❡✳ ◆❛

♣r✐♠❡✐r❛ ✭❆✮ t❡♠♦s ✉♠❛ ♣❛rtí❝✉❧❛ ❧♦❝❛❧✐③❛❞❛ à ❡sq✉❡r❞❛ ❡ ❡♠ ❝✐♠❛ ❞♦ ❢♦❝♦✱ ❡♥q✉❛♥t♦ ♥❛

s❡❣✉♥❞❛ ✭❇✮ t❡♠♦s ❛ ♠❡s♠❛ ♣❛rtí❝✉❧❛ ♣♦s✐❝✐♦♥❛❞❛ s♦❜ ♦ ❢♦❝♦ ❞♦ ▲❆❙❊❘✳

✹✸



❈❛♣ít✉❧♦ ✼

❘♦t✐♥❛ ❡①♣❡r✐♠❡♥t❛❧ ❡ ❛❜♦r❞❛❣❡♠

♠❡t♦❞♦❧ó❣✐❝❛

◆❡st❡ ❝❛♣ít✉❧♦ s❡rá ❛♣r❡s❡♥t❛❞♦ ❝♦♠ ❞❡t❛❧❤❡s ❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♥♦ ♣r❡♣❛r♦ ❞❡

❛♠♦str❛s ❡ ❡s♣❡❝✐✜❝❛çõ❡s ❞♦s ❡q✉✐♣❛♠❡♥t♦s ✉t✐❧✐③❛❞♦s ❛♦ ❧♦♥❣♦ ❞❛ ♣❡sq✉✐s❛✳

✼✳✶ ❆♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧

◆❛ r❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ ✉t✐❧✐③❛❞❛ ❡♠ ♥♦ss♦

❧❛❜♦r❛tór✐♦ ♥❛ ❯❋❱✱ ❡♠♣r❡❣❛♠♦s ✉♠ ♠✐❝r♦s❝ó♣✐♦ ✐♥✈❡rt✐❞♦ ◆✐❦♦♥ ❊❝❧✐♣s❡ ❚✐✲❯✳ ❊st❡ ♠✐✲

❝r♦s❝ó♣✐♦ ♣♦ss✉✐ ✉♠❛ ❧❡♥t❡ ♦❜❥❡t✐✈❛ ❝♦♠ ❛✉♠❡♥t♦ ❞❡ ✶✵✵① ❡ ❛❜❡rt✉r❛ ♥✉♠ér✐❝❛ ❞❡ ✶✱✹✳

❆s ♠✐❝r♦❡s❢❡r❛s sã♦ ❞❡s❧♦❝❛❞❛s ❡♠ r❡❧❛çã♦ ❛♦ ♠❡✐♦ ❝♦♠ ✉♠ s✐st❡♠❛ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✱

♣✐❡③♦❡❧étr✐❝♦✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♦ ♠♦❞❡❧♦ P■ ♥❛♥♦ ❊✲✼✷✼✳ ❊st❡ ♣✐❡③♦❡❧étr✐❝♦ é ❝♦♥❡❝t❛❞♦

❛ ✉♠ ❝♦♠♣✉t❛❞♦r ❡q✉✐♣❛❞♦ ❝♦♠ ✉♠ s♦❢t✇❛r❡ ❝❛♣❛③ ❞❡ ♣r♦❞✉③✐r ❞❡s❧♦❝❛♠❡♥t♦s ♥❛ ❡s✲

❝❛❧❛ ♥❛♥♦♠étr✐❝❛✳ ❖ s♦❢t✇❛r❡ ♣❡r♠✐t❡ ♦ ❝♦♥tr♦❧❡ ♣r❡❝✐s♦ ❡ ❞❡t❛❧❤❛❞♦ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛

❛♠♦str❛✱ ❢♦r♥❡❝❡♥❞♦ ✉♠❛ ♠❛♥✐♣✉❧❛çã♦ ❛❧t❛♠❡♥t❡ ❝♦♥tr♦❧❛❞❛ ❞❛s ♣❛rtí❝✉❧❛s✳ ❆❧é♠ ❞✐ss♦✱

♦ ❡q✉✐♣❛♠❡♥t♦ ❝♦♥t❛ ❝♦♠ ✉♠ ❡stá❣✐♦ ♠❛♥✉❛❧✱ q✉❡ ❝♦♥s❡❣✉❡ ♠♦✈✐♠❡♥t❛r ❛ ❛♠♦str❛ ❛♦

❧♦♥❣♦ ❞♦s ❡✐①♦s ✈❡rt✐❝❛❧ ❡ ❤♦r✐③♦♥t❛❧ ✭❡✐①♦s ❳ ❨✮✳

❊♠ ♥♦ss♦s ❡①♣❡r✐♠❡♥t♦s ✉t✐❧✐③❛♠♦s ✉♠ ▲❆❙❊❘ ✐♥❢r❛✈❡r♠❡❧❤♦✱ ♠♦❞❡❧♦ ▼■▲ ■■■✱ ❝✉❥❛

♣♦tê♥❝✐❛ ♠á①✐♠❛ é ✶✱✺ ❲ ❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ = 1064 ♥♠✳ ❖ ❢❡✐①❡ ❞♦ ❧❛s❡r ♣❡r❝♦rr❡

✉♠ tr❛❥❡t♦ ó♣t✐❝♦ q✉❡ ✐♥❝❧✉✐ ❧❡♥t❡s✱ ❝✉❥❛ ❢✉♥çã♦ é ❡①♣❛♥❞✐r ❡ ❝♦❧✐♠❛r ♦ ❢❡✐①❡✱ ❛❧é♠ ❞❡

❡s♣❡❧❤♦s✱ q✉❡ ❞✐r❡❝✐♦♥❛♠ ♦ ❢❡✐①❡ ❡♠ ❞✐r❡çã♦ ❛♦ ♠✐❝r♦s❝ó♣✐♦✳

❖✉tr♦ ❢❛t♦r ✐♠♣♦rt❛♥t❡ é ❛ ❝❛❧✐❜r❛çã♦ ❞❛ ♣✐♥ç❛ ó♣t✐❝❛✱ ♣r♦❝❡ss♦ r❡❛❧✐③❛❞♦ t♦❞❛ ✈❡③

❡♠ q✉❡ ❤á ✉♠❛ ♠♦❞✐✜❝❛çã♦ ♥❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ♦✉ ♥❛ ♣♦tê♥❝✐❛ ✉t✐❧✐③❛❞❛✳ ❊ss❡

♣r♦❝❡❞✐♠❡♥t♦ é ❡ss❡♥❝✐❛❧ ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❉◆❆✱ ♣♦✐s ❛ ♣❛rt✐r ❞❡❧❡ ❝♦♥s❡❣✉✐♠♦s

❞❡t❡r♠✐♥❛r ❛ ❝♦♥st❛♥t❡ ❞❡ ❢♦rç❛✱ q✉❛❧ ❛ ❢♦rç❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❞❡s❧♦❝❛r ❛ ♠✐❝r♦❡s❢❡r❛ ❡♠

✉♠❛ ❞✐r❡çã♦ ❬✾✾❪✳

✹✹



❋✐❣✉r❛ ✼✳✶✿ ❋✐❣✉r❛ ❡sq✉❡♠át✐❝❛ ❞♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧ à ❡sq✉❡r❞❛✱ ❡ à ❞✐r❡✐t❛✱ ✉♠❛
❢♦t♦❣r❛✜❛ ❞❛ ♠♦♥t❛❣❡♠ ó♣t✐❝❛ ✉t✐❧✐③❛❞❛ ♥❛s ♠❡❞✐❞❛s✳ ❋♦♥t❡✿ Pró♣r✐♦ ❛✉t♦r✳

◆❛ ❋✐❣✉r❛ ❛♥t❡r✐♦r✱ ✼✳✶ ✱ t❡♠♦s à ❡sq✉❡r❞❛ ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛ ♣✐♥ç❛

ó♣t✐❝❛ ✉t✐❧✐③❛❞❛ ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❋ís✐❝❛ ❇✐♦❧ó❣✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❡ à ❞✐r❡✐t❛

✉♠❛ ❢♦t♦❣r❛✜❛ ❞❡♠♦♥str❛♥❞♦ ♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧✳

✼✳✷ Pr❡♣❛r♦ ❞❡ ❛♠♦str❛

◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ é ❢✉♥❞❛♠❡♥t❛❧ q✉❡ ♦ ❉◆❆✲λ ✭◆❡✇ ❊♥❣❧❛♥❞ ❇✐♦❧❛❜s✮ ❡st❡❥❛ ✜r♠❡✲

♠❡♥t❡ ✜①❛❞♦ t❛♥t♦ ❛♦ ♣♦rt❛✲❛♠♦str❛s q✉❛♥t♦ ❛ ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ❡♠ s✉❛s ❡①tr❡♠✐❞❛❞❡s✳

P❛r❛ r❡❛❧✐③❛r ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦✱ é ♥❡❝❡ssár✐♦ s❡❣✉✐r ✉♠ ♣r♦t♦❝♦❧♦ ♣ré✲❡st❛❜❡❧❡❝✐❞♦✳ ❊ss❡

♣r♦❝❡ss♦ ✐♠♣❧✐❝❛ ♥❛ ♠♦♥t❛❣❡♠ ❞❡ ✉♠ ♣♦rt❛✲❛♠♦str❛s✱ ♦♥❞❡ ✉♠ ❛♥❡❧ ❞❡ ❜♦rr❛❝❤❛ ❞♦ t✐♣♦

❖✲r✐♥❣ é ❛❞❡r✐❞♦ ❛♦ ❝❡♥tr♦ ❞❡ ✉♠❛ ❧❛♠í♥✉❧❛ ❞❡ ✈✐❞r♦ ❝♦♠ ♣❛r❛✜♥❛✳ ◆♦ ✐♥t❡r✐♦r ❞❡st❡

❛♥❡❧✱ é ❛♣❧✐❝❛❞❛ ✉♠❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦ ♦ ❉◆❆✲λ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ❞❡

♣♦❧✐❡st✐r❡♥♦ ❞❡ ✸✱✵ µ♠ r❡✈❡st✐❞❛ ♣♦r ❡str❡♣t❛✈✐❞✐♥❛ ✭❇❛♥❣s ▲❛❜♦r❛t♦r✐❡s✱■♥❝✮✱ ❡♠ ♠❡✐♦ ❛

s♦❧✉çã♦ s❛❧✐♥❛ ❚❛♠♣♦♥❛❞❛ ❝♦♠ ❋♦s❢❛t♦ ✭P❇❙ ✶✺✵✮✳ ❊ss❡ ♠❡✐♦ é ✉t✐❧✐③❛❞♦ ❛✜♠ ❞❡ ❣❛r❛♥t✐r

❝♦♥❞✐çõ❡s s❛❧✐♥❛s ♣ró①✐♠❛s ❛q✉❡❧❛s ❡♥❝♦♥tr❛❞❛s ♥♦ ❝♦r♣♦ ❤✉♠❛♥♦✳

P❛r❛ ♦ ♣r❡♣❛r♦ ❞❛ ❛♠♦str❛ ❞❡ ❉◆❆✱ ✐♥s❡r✐♠♦s ❡♠ ✉♠ ♠✐❝r♦t✉❜♦ t✐♣♦ ❊♣♣❡❞♦r❢✱ ♠✐❝r♦✲

❡s❢❡r❛s ❞❡ ♣♦❧✐❡st✐r❡♥♦ r❡✈❡st✐❞❛s ❝♦♠ ❡str❡♣t❛✈✐❞✐♥❛✱ ❉◆❆ ❜✐♦t✐♥❛❧❛❞♦ ❡ P❇❙ ✶✺✵✳ ❯♠❛

✈❡③ ❤♦♠♦❣❡♥✐③❛❞♦ ❡ss❡ ♠❡✐♦ ❝♦♠ ❛✉①í❧✐♦ ❞❡ ✉♠❛ ♣✐♣❡t❛✱ ❞❡✐①❛♠♦s ❡ss❛ s♦❧✉çã♦ ❡♠ ❜❛♥❤♦

tér♠✐❝♦ ❛ ✸7◦C ❞✉r❛♥t❡ ✉♠❛ ❤♦r❛✱ ♣❡r♠✐t✐♥❞♦ ❝♦♠ q✉❡ ✉♠❛ ❞❛s ❡①tr❡♠✐❞❛❞❡s ❞♦ ❉◆❆

s❡ ❧✐❣✉❡ à ♠✐❝r♦❡s❢❡r❛✳

P❛r❛ ♦ ♣r❡♣❛r♦ ❞♦ ♣♦rt❛ ❛♠♦str❛ ✉t✐❧✐③❛♠♦s ✉♠❛ ❧❛♠í♥✉❧❛ ❞❡ ✈✐❞r♦ r❡✈❡st✐❞❛ ♣♦r ✷✵

µ▲ ❞❛ s♦❧✉çã♦ ❞❡ ♣r♦t❡í♥❛ ❛❧❜✉♠✐♥❛ ❞❡ s♦r♦ ❜♦✈✐♥♦ ❜✐♦t✐♥✐❧❛❞❛ ✭❇❙❆✲❇✐♦t✮✱ ❞✐❧✉í❞❛ ❡♠

✹✺



❚❛♠♣ã♦ ❆ ✻ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✶✱✽ ♠❣✴♠❧✱ ❡ ❝♦❧♦❝❛❞❛ ♥♦ ✢✉①♦ ❞❡ ❧✉③ ✉❧tr❛✈✐♦❧❡t❛ ❛✜♠ ❞❡

❡✈✐t❛r ❛ ♣r♦❧✐❢❡r❛çã♦ ❞❡ ❜❛❝tér✐❛s✳ ❆♣ós ❡ss❡ ♣r♦❝❡ss♦✱ r❡t✐r❛♠♦s ♦ ❡①❝❡ss♦ ❞❡ ❇❙❆✲❇✐♦t ❡

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

❝♦♠ ✉♠❛ s♦❧✉çã♦ ❞❡ ❊str❡♣t❛✈✐❞✐♥❛ ❞✐❧✉í❞❛ ❡♠ P❇❙ ✶✺✵ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ✵✱✶✲✵✱✷✺♠❣✴♠❧ ❡

❧❛✈❛♠♦s ❝♦♠ P❇❙ ✶✺✵✳ ❆♣ós s❡❣✉✐r ❡ss❡ ♣r♦t♦❝♦❧♦✱ ❧❡✈❛♠♦s ♦ ♣♦rt❛ ❛♠♦str❛ ❛té ♦ ♠✐❝r♦s✲

❝ó♣✐♦ ❡ ❛❣✉❛r❞❛♠♦s ❛ ❢♦r♠❛çã♦ ❞♦ ♣❛❞rã♦ ❞❡ ❡str❡♣t❛✈✐❞✐♥❛✳ ❯♠❛ ✈❡③ ❢♦r♠❛❞♦ ♣❛❞rã♦✱

❛❞✐❝✐♦♥❛♠♦s ❛ s♦❧✉çã♦ ❞❡ ❉◆❆ q✉❡ ❡st❛✈❛ ❡♠ ❜❛♥❤♦ tér♠✐❝♦ ❡ ❝♦♠❡ç❛♠♦s ♦ ❡①♣❡r✐♠❡♥t♦✳

◆❛ s❡q✉ê♥❝✐❛✱ ❋✐❣✉r❛ ✼✳✷✱ t❡♠♦s ✉♠ ❡sq✉❡♠❛ r❡s✉♠✐❞♦ ❞❡♠♦♥str❛♥❞♦ ♦s ♣❛ss♦s ♣❛r❛

♦ ♣r❡♣❛r♦ ❞♦ ♣♦rt❛✲❛♠♦str❛✳

❋✐❣✉r❛ ✼✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❡ ♣r❡♣❛r♦ ❞♦ ♣♦rt❛ ❛♠♦str❛s ❞❛ ❧❛♠í♥✉❧❛ ❞❡
❉◆❆✳

✼✳✸ ❊①♣❡r✐♠❡♥t♦ ♥❛ ♣✐♥ç❛ ó♣t✐❝❛

❯♠❛ ✈❡③ ❞❡♣♦s✐t❛❞❛ ❛ ❛♠♦str❛ ♥♦ ♠✐❝r♦s❝ó♣✐♦✱ é ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r ❝♦♥✜❣✉r❛çõ❡s ❞✐✲

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

❡ ❉◆❆ ❛❞❡r✐❞♦ ❛ ♠✐❝r♦❡s❢❡r❛✳ P❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ✉♠❛ ♠✐❝r♦❡s❢❡r❛ ❝♦♠ ❉◆❆✱ é ♥❡✲

❝❡ssár✐♦ q✉❡ ❛♦ ♣✐♥ç❛✲❧❛ ❡ ❞❡s❧♦❝❛r ❛ ❧❛♠í♥✉❧❛ t❡♠♦s ♠✐❝r♦❡s❢❡r❛ r❡t♦r♥❛♥❞♦ ❛ ♣♦s✐çã♦ ❞❡

❡q✉✐❧í❜r✐♦✳ ❙♦♠❡♥t❡ ❛ss✐♠ s❡rá ♣♦ssí✈❡❧ r❡t✐r❛r ♠❡❞✐❞❛s ♠❡❝â♥✐❝❛s ❞♦ ❉◆❆✳ ❆♣ós ❡♥❝♦♥✲

tr❛r ❡ss❛ ❝♦♥✜❣✉r❛çã♦✱ s❡rã♦ r❡❛❧✐③❛❞❛s ❝✐♥❝♦ ♠❡❞✐❞❛s ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❡

r❡t✐r❛❞❛ ❛ ♠é❞✐❛ s✐♠♣❧❡s ❞♦s ✈❛❧♦r❡s ♦❜t✐❞♦s✳

P❛r❛ r❡❛❧✐③❛r ✉♠❛ ♠❡❞✐❞❛ é s♦❧✐❝✐t❛❞♦✱ ✈✐❛ s♦❢t✇❛r❡✱ q✉❡ ♦ ♣✐❡③♦❡❧étr✐❝♦ s❡ ♠♦✈✐♠❡♥t❡

❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ ❞✐r❡çã♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❝♦♥st❛♥t❡✳ ❊♠ ♥♦ss♦ ❡①♣❡r✐♠❡♥t♦ ✜❧♠❛♠♦s ❛

♠✐❝r♦❡s❢❡r❛ ♣r❡s❛ ❡♠ ✉♠❛ ❞❛s ♣♦♥t❛s ♣❡❧♦ ❉◆❆ ❛❞❡r✐❞♦ ❛♦ ❢✉♥❞♦ ❞❛ ❧❛♠í♥✉❧❛ ❡ ♦✉tr❛ ♣❡❧❛

✻❙♦❧✉çã♦ ♣r❡♣❛r❛❞❛ ❛ ♣❛rt✐r ❞❡ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❝♦♠ ✶✵ ♠▼ ❞❡ ▼❣❈❧✷ ✱ ✹✵ ♠▼ ❞❡ ❑❈❧✱ ❡ ✷✺ ♠▼ ❞❡
❚r✐s✲❍❈❧✱ ❝✉❥♦ r❡s✉❧t❛❞♦ ✜♥❛❧ é ✉♠❛ s♦❧✉çã♦ ❝♦♠ ♣❍ ✽✳

✹✻



♣✐♥ç❛ ó♣t✐❝❛✱ ❡ ❞❡s❧♦❝❛♠♦s ❡ss❡ s✐st❡♠❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✵✱✶ µ♠✴s✳ ❆ ♣❛rt✐r ❞♦ ✜❧♠❡

♦❜t✐❞♦✱ ✉t✐❧✐③❛♥❞♦ ♦ s♦❢t✇❛r❡ ■♠❛❣❡❏ t♦r♥❛✲s❡ ♣♦ssí✈❡❧ ♦❜t❡r ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛ ♣♦s✐çã♦

❞❛ ♠✐❝r♦❡s❢❡r❛ ❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❢r❛♠❡s✳ ❆ ♣❛rt✐r ❞❛ r❡❧❛çã♦ ♣✐①❡❧✲♠✐❝rô♠❡tr♦ ✭♦❜t✐❞❛

❛♥t❡r✐♦r♠❡♥t❡✮✱ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ♣♦s✐çã♦ ❞❛ ♣❛rtí❝✉❧❛ ❡ ❛ss✐♠✱ ♦❜t❡r ❛ ❞✐stâ♥❝✐❛

♣❡r❝♦rr✐❞❛ ♣❡❧❛ ♠✐❝r♦❡s❢❡r❛✳ ❯t✐❧✐③❛♥❞♦ ✉♠ s♦❢t✇❛r❡ ♣❛r❛ ❛♥á❧✐s❡ ❣rá✜❝❛ ❡ ❛❥✉st❡ ❞❡ ❝✉r✈❛✱

♣♦❞❡♠♦s ✉t✐❧✐③❛r ❛ ❡q✉❛çã♦ ✸✳✶✺ ♣❛r❛ ❡st✐♠❛r ♣❡rs✐stê♥❝✐❛ ❡ ♦ ❝♦♥t♦r♥♦ ❞♦ ❉◆❆✳

P❛r❛ ✉♠ ❡①♣❡r✐♠❡♥t♦ ✐❞❡❛❧ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛ é ♥❡❝❡ssár✐♦ q✉❡ s❡✉ ❝♦♥t♦r♥♦ ♥❛t✉r❛❧ L0

❡st❡❥❛ ❡♠ t♦r♥♦ ❞❡ ✶✻✱✺ ➭♠ ❡ q✉❡ ❛ ♣❡rs✐stê♥❝✐❛ ❡st❡❥❛ ♣ró①✐♠❛ ❞❡ ✺✵ ♥♠ ❬✶✵✵❪✳ ❆♣ós

❝♦♠♣❧❡t❛r ❛s ❛♥á❧✐s❡s ❝♦♠ ♦ ❉◆❆ ♥❛t✉r❛❧✱ r❡❛❧✐③❛♠♦s ❛ tr♦❝❛ ❞♦ ♠❡✐♦✱ ❞❡♣♦s✐t❛♥❞♦ ❛

s♦❧✉çã♦ ❞❡ ❧✐❣❛♥t❡s✳

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

❝♦♠ ❉◆❆ s♦❧t♦✱ ❡ ❛❞✐❝✐♦♥❛♠♦s ❝❡r❝❛ ❞❡ ✶✵✵µ▲ ❞❡ r❡❛❣❡♥t❡✳ ❆❣✉❛r❞❛♠♦s ♦ t❡♠♣♦ ♥❡❝❡s✲

sár✐♦ ♣❛r❛ ♦❝♦rr❡r ❛ r❡❛çã♦ ❡♥tr❡ ♦ ❧✐❣❛♥t❡ ❡ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆✳ ❊♠ s❡❣✉✐❞❛✱ r❡❛❧✐③❛♠♦s

❝✐♥❝♦ ♠❡❞✐çõ❡s ❛❞✐❝✐♦♥❛✐s ♣❛r❛ ♦❜t❡r ♦s ♥♦✈♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ❝♦♥t♦r♥♦ ❡ ♣❡rs✐stê♥❝✐❛ ❞♦

❝♦♠♣❧❡①♦ ❉◆❆✲❧✐❣❛♥t❡✳ ❖✉tr❛s ❛❧íq✉♦t❛s sã♦ tr♦❝❛❞❛s ❝♦♠ ❝♦♥❝❡♥tr❛çõ❡s ❝r❡s❝❡♥t❡s ❡ ♦

♣r♦❝❡ss♦ é r❡♣❡t✐❞♦✱ ✈✐s❛♥❞♦ ❝♦♥str✉✐r ✉♠❛ ❝✉r✈❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❡♠ r❡❧❛çã♦

às ❝♦♥❝❡♥tr❛çõ❡s ✜♥❛✐s✳

◆❛ ❋✐❣✉r❛ ✼✳✸✱ t❡♠♦s ✉♠❛ ✐❧✉str❛çã♦ ❞❡♠♦♥str❛♥❞♦ ❝♦♠♦ ♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❡st✐r❛✲

♠❡♥t♦ ❞♦ ❉◆❆ é ❝♦♥❞✉③✐❞♦✳ P♦❞❡♠♦s ✈❡r ❡♠ ❛③✉❧ ❛ ❧❛♠í♥✉❧❛✱ ❢♦rç❛ q✉❡ ♦ ❉◆❆ ❢❛③ s♦❜r❡

❛ ♠✐❝r♦✲❡s❢❡r❛ ❡♠ ✈❡r❞❡ ❡ ♣♦r ✜♠✱ ❡♠ ❛♠❛r❡❧♦ ❛ ❢♦rç❛ ❣❡r❛❞❛ ♣❡❧❛ ♣✐♥ç❛ ó♣t✐❝❛✳

❋✐❣✉r❛ ✼✳✸✿ ❊st✐r❛♠❡♥t♦ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ✈✐❛ ♣✐♥ç❛ ó♣t✐❝❛✳ ❋♦♥t❡✿ ❆✉t♦r✐❛ ♣ró♣r✐❛✳

✹✼



✼✳✹ Pr❡♣❛r♦ ❞❡ ❛❧íq✉♦t❛s ❞❡ ❝♦r❛♥t❡ ❆③✉r❡ ❆

❈♦♥s✐❞❡r❛♥❞♦ ❛ ❢♦t♦ss❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❝♦r❛♥t❡ ❆③✉r❡ ❆ ❡ ❛ ❛✉sê♥❝✐❛ ❞❡ ♠❡t♦❞♦❧♦❣✐❛s

♣❛r❛ ❛ s✉❛ ❝♦♥s❡r✈❛çã♦✱ ❢♦✐ ♥❡❝❡ssár✐♦ ❞❡s❡♥✈♦❧✈❡r ✉♠ ♣r♦t♦❝♦❧♦ q✉❡ ♣r❡✈❡♥✐ss❡ ❛ ❞❡❣r❛✲

❞❛çã♦ ❡ ♣r♦❝❡ss♦s ❢♦t♦q✉í♠✐❝♦s✱ ❛ss❡❣✉r❛♥❞♦ ❛ ♠❛♥✉t❡♥çã♦ ❞♦ ♣❛❞rã♦ ❞❡ q✉❛❧✐❞❛❞❡ ❞♦

❝♦♠♣♦st♦✳

◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ ❢♦r❛♠ ♣r❡♣❛r❛r❛❞❛s s♦❧✉çõ❡s ❛ ✺ ♠▼ ❡ ✶✵✵µ▼✱ q✉❡ ❢♦r❛♠ ❛r♠❛✲

③❡♥❛❞❛s ❡♠ t✉❜♦s ❊♣♣❡♥❞♦r❢ ❡s❝✉r♦s ♣❛r❛ ♣r♦t❡çã♦ ❝♦♥tr❛ ❛ ❧✉③✳ ❊ss❡s t✉❜♦s ❢♦r❛♠✱ ♣♦r

s✉❛ ✈❡③✱ ❝♦❧♦❝❛❞♦s ❡♠ ❝❛✐①❛s ✈❡❞❛❞❛s ❝♦♠ ♣❛♣❡❧ ❛❧✉♠í♥✐♦ ❡ ♠❛♥t✐❞♦s ♥❛ ❣❡❧❛❞❡✐r❛ ♣♦r

♥♦ ♠á①✐♠♦ ✼ ❡ ✶✺ ❞✐❛s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛ ✜❣✉r❛ ✼✳✹ t❡♠♦s ❛ ❢♦t♦❣r❛✜❛ ❞❡♠♦♥str❛♥❞♦

❝♦♠♦ ❛s s♦❧✉çõ❡s✲♠ã❡ ❢♦r❛♠ ❛r♠❛③❡♥❛❞❛s✳

❋✐❣✉r❛ ✼✳✹✿ P♦rt❛ ❛♠♦str❛s ✉t✐❧✐③❛❞♦s ♥❛ ❛r♠❛③❡♥❛❣❡♠ ❞♦ ❝♦r❛♥t❡ ❆③✉r❡ ❆✱ à ❡sq✉❡r❞❛
❛ ❝❛✐①❛ r❡✈❡st✐❞❛ ♣♦r ♣❛♣❡❧ ❛❧✉♠í♥✐♦ ❡ ❞✐r❡✐t❛ ♠✐❝r♦t✉❜♦s tr❛♥s❧ú❝✐❞♦s✳ ❋♦♥t❡✿ Pró♣r✐♦
❛✉t♦r✳

❆s s♦❧✉çõ❡s✲✜❧❤❛✱ ✉t✐❧✐③❛❞❛s ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❉◆❆ ♣♦ss✉í❛♠ ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ✵✱✺✲

✸✱✵ µ▼✱ ♥❛s ❡r❛♠ ❢❡✐t❛s ♥♦ ❞✐❛ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❡ ❞❡✐①❛❞❛s ♣❛r❛ r❡❛❣✐r ❝♦♠ ❉◆❆ ♣♦r ✉♠

♣❡rí♦❞♦ ❞❡ ✸✵ ♠✐♥✉t♦s✱ ❛♣ós ❡ss❡ t❡♠♣♦ ❡r❛♠ ❢❡✐t❛s ❛s ♠❡❞✐❞❛s ❞❡ ❢♦rç❛ ♣♦r ❡①t❡♥sã♦✳

✹✽



❈❛♣ít✉❧♦ ✽

▼♦❞❡❧♦ ◗✉❡♥❝❤❡❞ ❉✐s♦r❞❡r

❆✜♠ ❞❡ ♦❜t❡r ♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❞❡ ✐♥t❡r❛çã♦ ❉◆❆✲▲✐❣❛♥t❡s ✈✐❛ ♣r♦♣r✐❡✲

❞❛❞❡s ♠❡❝â♥✐❝❛s✱ ♣♦❞❡♠♦s ✉t✐❧✐③❛r ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ❘♦❝❤❛✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ♦ ❉◆❆

é tr❛t❛❞♦ ❝♦♠♦ ✉♠❛ ❛ss♦❝✐❛çã♦ ❞❡ ♠♦❧❛s ❡♥tró♣✐❝❛s✼ r❡✈❡st✐❞❛s ♣♦r ❧✐❣❛♥t❡s ❬✶✵✶❪✳

P♦r ✜♥s ❞✐❞át✐❝♦s ✐r❡♠♦s ❝♦♠♣❛r❛r ❛♦ ♠♦❞❡❧♦ ❞❡ ♠♦❧❛s ❝❧áss✐❝❛s q✉❡ s❡❣✉❡♠ ❛ ▲❡✐ ❞❡

❍♦♦❦❡✳ ❆s ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s ❞❡ ♠♦❧❛ sã♦ s✉❜st✐t✉í❞❛s ♣♦r ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♣❡rs✐stê♥✲

❝✐❛ ❧♦❝❛✐s ❡ ♦s ❞❡s❧♦❝❛♠❡♥t♦s sã♦ tr♦❝❛❞♦s ♣♦r ❢✉♥çõ❡s ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ❢r❛çã♦ ❧✐❣❛❞❛✱

❞❡ss❛ ❢♦r♠❛ ♦❜t❡♠♦s ❢✉♥çã♦ ✽✿

1

AE

=
f0(r)

A0

+
f1(r)

A1

+ . . .+
fn(r)

An

✭✽✳✶✮

◆❛ ❢✉♥çã♦ ❛♥t❡r✐♦r ✭✽✮✱ t❡♠♦s ♥♦ ❞❡♥♦♠✐♥❛❞♦r ✈❛❧♦r❡s AE✱ ❝♦♠♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♣❡rs✐stê♥❝✐❛ ❡❢❡t✐✈♦✱ A0 ❞♦ ❉◆❆ ♥❛t✉r❛❧✱ ❡ ♣♦r ✜♠ A1 ❛♦ ✈❛❧♦r ❞❡ s❛t✉r❛çã♦✱ q✉❛♥❞♦ ❛

♠♦❧é❝✉❧❛ ❡stá ♣❛r❝✐❛❧♠❡♥t❡ r❡✈❡st✐❞❛ ♣♦r ❧✐❣❛♥t❡s ❬✶✵✷❪✳

❱❛♠♦s ✐♥tr♦❞✉③✐r ✉♠❛ ♥♦✈❛ ✈❛r✐á✈❡❧✱ x ✱ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❢r❛çã♦ ♥♦r♠❛❧✐③❛❞❛ ❞❡ sít✐♦s

❧✐❣❛❞♦s✱ ♦✉ s❡❥❛ x = r
r♠á①

✳ ❚♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ♥♦ ♣r✐♥❝í♣✐♦ ❞❡ q✉❡ ❛ s♦♠❛ ❞❛s ♣r♦❜❛❜✐❧✐✲

❞❛❞❡s é ✶✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠ sít✐♦ ❞❡s♦❝✉♣❛❞♦ é 1−x✳ ❆ss✐♠✱ r❡❡s❝r❡✈❡♥❞♦

❛ ❡q✉❛çã♦ ❛♥t❡r✐♦r t❡♠♦s✿
1

AE

=
1− x

A0

+
x

A1

✭✽✳✷✮

❆♦ ❞❡✜♥✐r x ❞❡ss❛ ♠❛♥❡✐r❛✱ ♣♦❞❡♠♦s r❡❧❛❝✐♦♥❛r ❡ss❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❛ ✉♠❛ ✐s♦t❡r♠❛ ❛❞❡✲

q✉❛❞❛✳ ❖ ♠ét♦❞♦ ❞❡ ◗✉❡♥❝❤❡❞✲❞✐s♦r❞❡r ❝♦♥s✐st❡ ❡♠ ❡st❛❜❡❧❡❝❡r ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛✱ ❞❡t❡r♠✐♥❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✉♠

❝♦♠♣♦st♦ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ✐s♦t❡r♠❛ ❞❡ ❧✐❣❛çã♦ ❛♣r♦♣r✐❛❞❛✳ ◆❡st❡ ❡①♣❡r✐♠❡♥t♦ ❡s♣❡❝í✜❝♦✱

♦s ❞❛❞♦s ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛ ✐s♦t❡r♠❛ ❞❡ ▼❝●❤❡❡✲❱♦♥ ❍✐♣♣❡❧ ✭✹✳✹✮✱ ❛ ✜♠ ❞❡

♦❜t❡r ♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s q✉❡ r❡❣❡♠ ❡ss❛ ✐♥t❡r❛çã♦✳

◆❛ ✜❣✉r❛ ✽✳✶ t❡♠♦s ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❞♦ ❉◆❆ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❧✐❣❛♥t❡s✱ ❝♦♠ ❝♦♠✲

✼▼♦❧❛ ❡♥tró♣✐❝❛ é ✉♠ ♣♦❧í♠❡r♦ ♦✉ ♠❛❝r♦♠♦❧é❝✉❧❛ ❡♠ s♦❧✉çã♦ ❝✉❥❛ ❡❧❛st✐❝✐❞❛❞❡ ❡stá ♥♦ r❡❣✐♠❡ ❡♥tró✲
♣✐❝♦✳

✹✾



♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ A0 ✭✐♠❛❣❡♠ ❆✮✱ ♥❛ s❡q✉ê♥❝✐❛ ✭✐♠❛❣❡♠ ❇✮ ♦ ♠❡s♠♦ ❉◆❆ ❝♦♠

♣❛rt❡ r❡✈❡st✐❞♦ ♣♦r ❧✐❣❛♥t❡s✳

❋✐❣✉r❛ ✽✳✶✿ ◆❛ ✜❣✉r❛ ✭❆✮ t❡♠♦s ♦ ❉◆❆ ♥❛t✉r❛❧✱ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❧✐❣❛♥t❡s✱ ❡♥q✉❛♥t♦ ♥❛
✜❣✉r❛ ✭❇✮ t❡♠♦s ♦ ♣♦❧í♠❡r♦ r❡✈❡st✐❞♦ ♣❛r❝✐❛❧♠❡♥t❡ ♣♦r ❧✐❣❛♥t❡s✳ ❋♦♥t❡✿ Pró♣r✐♦ ❛✉t♦r✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ♠♦❞❡❧♦ ❞❡ ❡①❝❧✉sã♦ ❞❡ ✈✐③✐♥❤♦s ❛♣r❡s❡♥t❛ ✉♠ ♥ú♠❡r♦ ♠❛✐♦r ❞❡

♣❛râ♠❡tr♦s ❛ s❡r❡♠ ❞❡t❡r♠✐♥❛❞♦s ❞♦ q✉❡ ❛q✉❡❧❡s ❝♦♥s✐❞❡r❛❞♦s ❧✐✈r❡s✱ é ♥❡❝❡ssár✐♦ ✉t✐❧✐✲

③❛r ✉♠ s♦❢t✇❛r❡ ❛❞✐❝✐♦♥❛❧ ♣❛r❛ ❡st✐♠❛r ❡ss❡s ✈❛❧♦r❡s✱ ♥❡ss❡ ❝❛s♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ▼❛t❧❛❜✳

◆♦ ❡①♣❡r✐♠❡♥t♦✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ❛♣❡♥❛s A1✱ ✉♠❛ ✈❡③ q✉❡ ❛ ♣❡rs✐stê♥❝✐❛ ❛♣r❡s❡♥t♦✉ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ♠♦♥♦tô♥✐❝♦ ❡♠ r❡❧❛çã♦ à ❝♦♥❝❡♥tr❛çã♦

✺✵



P❛rt❡ ■■■

❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

✺✶



❈❛♣ít✉❧♦ ✾

❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s

◆❡st❡ ❝❛♣ít✉❧♦✱ ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❛ té❝♥✐❝❛ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛

♣❛r❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❉◆❆ ❡ ❆③✉r❡ ❆ ♥♦s r❡❣✐♠❡s ❞❡ ❢♦rç❛ ✐ô♥✐❝❛ ✶✺✵♠▼✱ ✶✵♠▼ ❡

✶♠▼ ❡♠ P❇❙✳ ❆❧é♠ ❞✐ss♦✱ ❞✐s❝✉t✐r❡♠♦s ♣♦ssí✈❡✐s r❛③õ❡s ♣❛r❛ ❛s ❞✐❢❡r❡♥ç❛s ♦❜s❡r✈❛❞❛s

❡♠ r❡❧❛çã♦ ❛♦s r❡s✉❧t❛❞♦s ❞❡s❝r✐t♦s ♥❛ ❧✐t❡r❛t✉r❛✱ q✉❡ ❡①♣❧✐❝❛♠ ❛ ✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s

♠❡❝â♥✐❝♦s ❞♦ ❉◆❆ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❆③✉r❡ ❆✳

✾✳✶ ■♥t❡r❛çã♦ ❡♠ ❢♦rç❛ ✐ô♥✐❝❛ ✶✺✵♠▼ ❡ ✶✵♠▼

✾✳✶✳✶ ❆♥á❧✐s❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦♥t♦r♥♦

❈❛❞❛ ♣♦♥t♦ ♣r❡t♦ ♥♦s ❣rá✜❝♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✾✳✶ r❡♣r❡s❡♥t❛ ❛ ♠é❞✐❛ s✐♠♣❧❡s

❞❡ ✺ ♠❡❞✐❞❛s ❞♦ ❝♦♥t♦r♥♦ ♣❛r❛ ❝❛❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❝♦r❛♥t❡ ❆③✉r❡ ❆✳ ❆ ♠❛r❣❡♠ ❞❡

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

♠❡❞✐❞❛s✳ P❛r❛ ♦❜t❡r ❝❛❞❛ ✈❛❧♦r ❡♠ ❝❛❞❛ ❝♦♥❝❡♥tr❛çã♦✱ ✉t✐❧✐③❛♠♦s ❛ ❡q✉❛çã♦ ❞❡ ❛❥✉st❡

✸✳✶✺✳ ❆s ❛♠♦str❛s ❢♦r❛♠ ❞✐❧✉í❞❛s ❡♠ três ❞✐❢❡r❡♥t❡s ❢♦rç❛s ✐ô♥✐❝❛s✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

r❡❞✉③✐r ❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ❞♦s ❝♦♥tr❛✲í♦♥s ❡♠ s♦❧✉çã♦ ❡ ❛✈❛❧✐❛r ♣♦ssí✈❡✐s ♠✉❞❛♥ç❛s ♥♦

♠♦❞♦ ❞❡ ✐♥t❡r❛çã♦✳

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

♠❛✐s ❞❡ ✉♠❛ ✈❡③✱ s❡♠♣r❡ s❡❣✉✐♥❞♦ ♦ ♠❡s♠♦ ♣r♦t♦❝♦❧♦ ❛❞♦t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❊ss❛ r❡♣❡✲

t✐çã♦ ❢♦✐ ♥❡❝❡ssár✐❛ ❞❡✈✐❞♦ à s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❝♦♠♣♦st♦ à ❧✉③✳ ❈♦♠ ❡ss❡ ♣r♦❝❡❞✐♠❡♥t♦✱ ❢♦✐

♣♦ssí✈❡❧ ♠❛♥t❡r ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❛ s♦❧✉çã♦ ❡ ❛ss❡❣✉r❛r ♦ ❡q✉✐❧í❜r✐♦ q✉í♠✐❝♦ ❡♥tr❡ ♦ ❉◆❆ ❡

♦ ❝♦♠♣♦st♦✳

✺✷



❋✐❣✉r❛ ✾✳✶✿ ●rá✜❝♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ ❞♦ ❉◆❆ ♥❛ ♣r❡s❡♥ç❛
❞❡ ❆③✉r❡ ❆ ❞✐❧✉í❞♦ ❡♠ P❇❙ ✶✺✵♠▼ ✭❆✮ ❡ ✶✵♠▼ ✭❇✮✳ ❖s ♣♦♥t♦s ❡♠ ♣r❡t♦ r❡♣r❡s❡♥t❛♠ ❛
♠é❞✐❛ ♦❜t✐❞❛ ❡♠ ❝❛❞❛ ❝♦♥❝❡♥tr❛çã♦✱ ❡♠ ✈❡r♠❡❧❤♦ ❛ ❜❛rr❛ ❞❡ ❡rr♦ r❡❧❛t✐✈❛ ❛ ♠é❞✐❛✳ ❉❛❞♦s
❞♦ ♣ró♣r✐♦ ❛✉t♦r✳

❈♦♠♣❛r❛♥❞♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ ❡♠ ❛❧t❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ✶✺✵♠▼✱ ❡ ❡♠ ✐♥t❡r✲

♠❡❞✐ár✐❛✱ ✶✵♠▼✱ ♥♦t❛♠♦s ✉♠❛ t❡♥❞ê♥❝✐❛ ❞♦ ♣❛râ♠❡tr♦ s❡ ♠❛♥t❡r ❝♦♥st❛♥t❡ s♦❜ ❡ss❛s

❝♦♥❞✐çõ❡s✳

✾✳✶✳✷ ❆♥á❧✐s❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛

❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❢♦✐ ❞✐s❝✉t✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ♥❛ s❡çã♦ ❞❡❞✐❝❛❞❛ ❛♦ ❣rá✜❝♦ ❞❡

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

♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❊♠ s♦❧✉çã♦ s❛❧✐♥❛ ❝♦♠ ❬◆❛✰❪❂✶✹✵♠▼ ❡ ❬◆❛✰❪❂✶✵♠▼✱ ♥❛ ♣r❡s❡♥ç❛ ❞♦ ❝♦r❛♥t❡ ❆③✉r❡

❆✱ ♦❝♦rr❡ ✉♠❛ ♥❡✉tr❛❧✐③❛çã♦ ♣❛r❝✐❛❧ ❞❛s ❝❛r❣❛s ❞♦ ❆③✉r❡ ❆ ❞❡✈✐❞♦ ❛ ❜❧✐♥❞❛❣❡♠ ❞♦s í♦♥s

♣r❡s❡♥t❡s ♥♦ P❇❙✳ ■ss♦ ❢❛❝✐❧✐t❛ ❛ ❛♣r♦①✐♠❛çã♦ ❞❛s ❝❛❞❡✐❛s ❞❡ ❉◆❆✱ r❡❞✉③✐♥❞♦ ❛ r❡♣✉❧sã♦

❡❧❡tr♦stát✐❝❛ ❡♥tr❡ ❡❧❛s✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦ ❉◆❆ ❛❞♦t❛ ❝♦♥❢♦r♠❛çõ❡s ♠❛✐s ❝♦♠♣❛❝t❛s✱

♦♥❞❡ ❛s ❝❛❞❡✐❛s s❡ ❞♦❜r❛♠ ❡ ❡♥r♦❧❛♠ s♦❜r❡ s✐ ♠❡s♠❛s✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞♦s

♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s ❞❡ ♣❡rs✐stê♥❝✐❛ ❡ ❝♦♥t♦r♥♦ ❞♦ ❉◆❆✳ ❊ss❛ r❡❞✉çã♦ ✐♥❞✐❝❛ ✉♠ ❛✉✲

♠❡♥t♦ ♥❛ ✢❡①✐❜✐❧✐❞❛❞❡ ❞♦ ❉◆❆✱ ❝♦♠ ✐♠♣❧✐❝❛çõ❡s ❡♠ ♣r♦❝❡ss♦s ❜✐♦❧ó❣✐❝♦s ❝♦♠♦ ❛ ❝♦rr❡çã♦

❞❡ ❞❛♥♦s ❡♠ ♣❛r❡s ❞❡ ❜❛s❡s ❡ ♦s ♣r♦❝❡ss♦s ❞❡ tr❛♥s❝r✐çã♦ ❡ r❡♣❧✐❝❛çã♦ ❬✶✵✸❪✳

◆❛ ❋✐❣✉r❛ ✾✳✷ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❞❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛

❡♠ ❢♦rç❛ ✐ô♥✐❝❛ ✶✺✵♠▼ ❡ ✶✵♠▼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

✺✸



➫➫

❋✐❣✉r❛ ✾✳✷✿ ●rá✜❝♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❞♦ ❉◆❆ ♥❛ ♣r❡✲
s❡♥ç❛ ❞❡ ❆③✉r❡ ❆ ❞✐❧✉í❞♦ ❡♠ P❇❙ ✶✺✵♠▼ ✭❆✮ ❡ ✶✵♠▼ ✭❇✮✳ ❖s ♣♦♥t♦s ❡♠ ♣r❡t♦ r❡♣r❡s❡♥✲
t❛♠ ❛ ♠é❞✐❛ ♦❜t✐❞❛ ❡♠ ❝❛❞❛ ❝♦♥❝❡♥tr❛çã♦✱ ❡♠ ✈❡r♠❡❧❤♦ ❛ ❜❛rr❛ ❞❡ ❡rr♦ r❡❧❛t✐✈❛ ❛ ❝❛❞❛
♠❡❞✐❞❛✳

❈♦♠♣❛r❛♥❞♦ ❛ ♣❡rs✐stê♥❝✐❛ ♥♦s ❞♦✐s r❡❣✐♠❡s ♣❡r❝❡❜❡♠♦s ♥✐t✐❞❛♠❡♥t❡ q✉❡ ❛ ♠♦❧é❝✉❧❛

❛♣r❡s❡♥t❛ ✉♠ ❝❛rát❡r ♠❛✐s ✢❡①í✈❡❧ ❡♠ ❢♦rç❛ ✐ô♥✐❝❛ ✐♥t❡r♠❡❞✐ár✐❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❛ ❛❧t❛

❢♦rç❛ ✐ô♥✐❝❛✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ P❇❙ ✶✺✵ ❡ ✶✵ ♠▼✱ t❡♠♦s ✉♠❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ❢❡♥❞❛s

♠❡♥♦r❡s ❞♦ ❉◆❆✳

✾✳✷ ■♥t❡r❛çã♦ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛ ✲ P❇❙ ✶♠▼

❆ ❢♦rç❛ ✐ô♥✐❝❛ ❞♦ ♠❡✐♦ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ❝♦♠♦ ♠❡❞✐❛❞♦r❛ ♥♦ s✐s✲

t❡♠❛ ❉◆❆✲▲✐❣❛♥t❡s✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ s❡ tr❛t❛ ❞❡ ❡❧❡tró❧✐t♦s✱ ❡str✉t✉r❛s ❝❛♣❛③❡s ❞❡

❞✐ss♦❝✐❛r ❡♠ s♦❧✉çã♦ ❛q✉♦s❛ ❡ ❧✐❜❡r❛r í♦♥s ❬✶✵✹❪✳ ❆t❡♥t❛♥❞♦ ❛♦ ❢❛t♦ q✉❡ ♦ ❝♦♠♣♦st♦ ❡st✉✲

❞❛❞♦ ♣♦ss✉í ❝❛rát❡r ❝❛t✐ô♥✐❝♦ ❡♠ ♠❡✐♦ ❛q✉♦s♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡①♣❡r✐♠❡♥t♦s t❛♠❜é♠ ♥♦

r❡❣✐♠❡ ❞❡ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛ ✭✶♠▼✮✳

✾✳✷✳✶ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛

❆♦ ❞✐♠✐♥✉✐r ❛ ❢♦rç❛ ✐ô♥✐❝❛ ❞❛ s♦❧✉çã♦✱ r❡❞✉③✐♠♦s ❛ ❜❧✐♥❞❛❣❡♠ ❡❧❡tr♦stát✐❝❛ ❡♥tr❡ ♦s

❣r✉♣♦s ❢♦s❢❛t♦ ❞♦ ❉◆❆ ❡ ♦ ❆③✉r❡ ❆✱ ❞❡✈✐❞♦ ❛ ♣r❡s❡♥ç❛ ❞♦ ◆❛✰ ❞♦ P❇❙✳ ❉❡ss❛ ❢♦r♠❛✱ ❛♦

r❡❞✉③✐r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ◆❛✰ ❡♠ s♦❧✉çã♦✱ ❢❛✈♦r❡❝❡♠♦s ❛ ❧✐❣❛çã♦ ❞♦ ❝♦r❛♥t❡ ❆③✉r❡ ❆ ❝♦♠

♦ ❉◆❆✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❛ ♠♦❧é❝✉❧❛ ♣♦ss❛ ❛♣r❡s❡♥t❛r ♦✉tr♦s ♠♦❞♦s ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s

❡str✉t✉r❛s✳

◆❛ ❋✐❣✉r❛ ✾✳✸ t❡♠♦s ✐❧✉str❛❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♥t♦r♥♦ ♥❛ ♣r❡s❡♥ç❛ ❞♦ ❆③✉r❡ ❆

❞✐❧✉í❞♦ ❡♠ P❇❙ ✶♠▼✳
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❋✐❣✉r❛ ✾✳✸✿ ●rá✜❝♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❈♦♥t♦r♥♦ ① ❈♦♥❝❡♥tr❛çã♦ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛
✶♠▼✳ ❖s ♣♦♥t♦s ❛③✉✐s r❡♣r❡s❡♥t❛♠ ♠❡❞✐❞❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ❛s ❜❛rr❛s ❡♠ ✈❡r♠❡❧❤♦ ❛
♠❛r❣❡♠ ❞❡ ❡rr♦✳

❖❜s❡r✈❛♥❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦♥t♦r♥♦ ❡♠ s♦❧✉çã♦ ❞❡ ❆③✉r❡ ❆

❝♦♠ P❇❙ ✶ ♠▼ ❡ ❝♦♠♣❛r❛♥❞♦ ❝♦♠ r❡s✉❧t❛❞♦s ❛♥t❡r✐♦r❡s✱ ♥♦t❛✲s❡ q✉❡ ❛ ✐♥t❡r❛çã♦ ❛♣r❡✲

s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐st✐♥t♦✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❛s s♦❧✉çõ❡s ❞❡ P❇❙ ✶✺✵ ♠▼ ❡ ✶✵

♠▼✱ q✉❡ ♠♦str❛r❛♠ ✉♠ ♣❛❞rã♦ tí♣✐❝♦ ❞❡ ✐♥t❡r❛çã♦ ❝♦♠ ❛s ❢❡♥❞❛s ❞♦ ❉◆❆✱ ♥❡st❛ ❝♦♥❞✐✲

çã♦ ✈❡♠♦s ✉♠ ❝r❡s❝✐♠❡♥t♦ ♠♦♥♦tô♥✐❝♦ ❞♦ ❝♦♥t♦r♥♦ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦✱ ♦ q✉❛❧ é

❛ ♣r✐♥❝✐♣❛❧ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ✉♠❛ ✐♥t❡r❛çã♦ ✈✐❛ ✐♥t❡r❝❛❧❛çã♦✳

❖ ♠❡❝❛♥✐s♠♦ ❞❡ ✐♥t❡r❛çã♦ ♣♦r ❡♠♣✐❧❤❛♠❡♥t♦ ✭♦✉ ✐♥t❡r❝❛❧❛çã♦✮ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧

❡ss❡♥❝✐❛❧ ♥❛ ❡✜❝á❝✐❛ ❞♦s q✉✐♠✐♦t❡rá♣✐❝♦s✳ ❆♦ s❡ ✐♥s❡r✐r ❡♥tr❡ ❛s ❜❛s❡s ❞♦ ❉◆❆✱ ♦ ❝♦♠✲

♣♦st♦ ✐♥❞✉③ ✉♠❛ t♦rçã♦ ♥❛ ❞✉♣❧❛ ❤é❧✐❝❡✱ ♥♦ s❡♥t✐❞♦ ❞❡ ❞❡s❢❛③❡r ❛ ❡str✉t✉r❛✱ ❛✉♠❡♥t❛♥❞♦

♦ ❝♦♥t♦r♥♦ ❡ ✐♠♣❡❞✐♥❞♦ ❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦✉tr❛s ♠♦❧é❝✉❧❛s✳ ❆s ♠♦❞✐✜❝❛çõ❡s ♥❛s ❜❛s❡s

♥✐tr♦❣❡♥❛❞❛s r❡s✉❧t❛♥t❡s ❜❧♦q✉❡✐❛♠ ❛ r❡♣❧✐❝❛çã♦ ❞♦ ❉◆❆✱ t♦r♥❛♥❞♦ ♦ ❡♠♣✐❧❤❛♠❡♥t♦ ✉♠❛

❡str❛té❣✐❛ ❡✜❝❛③ ♥♦ tr❛t❛♠❡♥t♦ ❞♦ ❝â♥❝❡r ❬✺✵❪✳

✾✳✷✳✷ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛

❊♠ s❡çõ❡s ❛♥t❡r✐♦r❡s✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ s♦❜ ♦ ♣♦♥t♦ ❞❡

✈✐st❛ q✉❛❧✐t❛t✐✈♦s ❡ q✉❛♥t✐t❛t✐✈♦s✳ ❊ss❡ ♣❛râ♠❡tr♦ ♠❡❝â♥✐❝♦ ❢♦r♥❡❝❡ ✐♥❢♦r♠❛çõ❡s ✐♠♣♦r✲

t❛♥t❡s s♦❜r❡ ❛ r✐❣✐❞❡③ ❞♦ s✐st❡♠❛ ❡ ♦❝✉♣❛ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ❝♦♠♦ ✈í♥❝✉❧♦ ♥♦ ♠♦❞❡❧♦

◗✉❡❡♥❝❤❡❞ ❉✐s♦r❞❡r✳

✺✺



❋✐❣✉r❛ ✾✳✹✿ ●rá✜❝♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ P❡rs✐stê♥❝✐❛ ① ❈♦♥❝❡♥tr❛çã♦ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛
✶♠▼✳ ❖s ♣♦♥t♦s ❛③✉✐s r❡♣r❡s❡♥t❛♠ ♠❡❞✐❞❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ❛s ❜❛rr❛s ❡♠ ✈❡r♠❡❧❤♦ ❛
♠❛r❣❡♠ ❞❡ ❡rr♦ ❡ ❛ ❧✐♥❤❛ ♣r❡t❛ s❡r✈❡ ❛♣❡♥❛s ❝♦♠♦ ❣✉✐❛ ✈✐s✉❛❧ ♣❛r❛ ❡①♣❡r✐♠❡♥t♦✳

❆♦ ❛♥❛❧✐s❛r ♦ ❣rá✜❝♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❡♠

❝♦♥❞✐çõ❡s ❞❡ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ❋✐❣✉r❛ ✾✳✹✱ ♦❜s❡r✈❛✲s❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐st✐♥t♦ ❞♦

r❡❣✐str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ◆❡ss❛s ❝♦♥❞✐çõ❡s✱ ❛ ♠❡♥♦r ♣r❡s❡♥ç❛ ❞❡ ❝♦♥tr❛✲í♦♥s ◆❛✰ ❡♠

s♦❧✉çã♦ r❡❞✉③ ❛ ❞✐ss♦❝✐❛çã♦ ❞♦ ❝♦♠♣♦st♦ ❆③✉r❡ ❆✱ ❞✐♠✐♥✉✐♥❞♦ ❛ ❜❧✐♥❞❛❣❡♠ ❡❧❡tr♦stát✐❝❛✳

❈♦♠ ✐ss♦✱ ♦s ❛♥é✐s ❛r♦♠át✐❝♦s ❞♦ ❝♦♠♣♦st♦ ♣♦❞❡♠ ✐♥t❡r❛❣✐r ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♦s ❛♥é✐s ❞❛s

❜❛s❡s ♥✐tr♦❣❡♥❛❞❛s ❞♦ ❉◆❆✱ ❢♦r♠❛♥❞♦ ❧✐❣❛çõ❡s ♠❛✐s ❢♦rt❡s ❡ ❛✉♠❡♥t❛♥❞♦ ♦ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♣❡rs✐stê♥❝✐❛ ❞♦ ❉◆❆✳

❖ ❛✉♠❡♥t♦ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡rs✐stê♥❝✐❛ ❞♦ ❉◆❆ ❡①❡r❝❡ ✉♠ ✐♠♣❛❝t♦ s✐❣♥✐✜❝❛t✐✈♦

♥❛ ❡✜❝á❝✐❛ ❞❡ ❛❣❡♥t❡s q✉✐♠✐♦t❡rá♣✐❝♦s ✐♥t❡r❝❛❧❛♥t❡s✳ ▼♦❧é❝✉❧❛s ❝♦♠♦ ♦ ❆③✉r❡ ❆✱ ❛♦ s❡

✐♥t❡r❝❛❧❛r❡♠✱ ♠♦❞✐✜❝❛♠ ❛ ❡str✉t✉r❛ ❡ r✐❣✐❞❡③ ❞♦ ❉◆❆✱ ❛❢❡t❛♥❞♦ ♣r♦❝❡ss♦s ❝❡❧✉❧❛r❡s ❡ss❡♥✲

❝✐❛✐s✱ ❝♦♠♦ ❛ r❡♣❛r❛çã♦ ❞♦ ❉◆❆ ❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❝r♦♠♦ssô♠✐❝❛✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❛✉♠❡♥t♦ ❞❛

r✐❣✐❞❡③ ❞♦ ❉◆❆ ❞❡✈✐❞♦ à ✐♥t❡r❛çã♦ ✐♥t❡r❝❛❧❛♥t❡ ♣♦❞❡ ✐♥t❡r❢❡r✐r ♥❛ ❝♦♠♣❛❝t❛çã♦ ❞♦ ♠❛t❡✲

r✐❛❧ ❣❡♥ét✐❝♦✱ r❡❞✉③✐♥❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛s ❝é❧✉❧❛s ❝❛♥❝❡rí❣❡♥❛s ❞❡ ♠❛♥t❡r s✉❛ ✐♥t❡❣r✐❞❛❞❡

❡str✉t✉r❛❧ ❡ ❢✉♥❝✐♦♥❛❧ ❬✶✵✺✱ ✶✵✻❪✳

✾✳✸ P❛râ♠❡tr♦s ❢ís✐❝♦s ❡♠ ❢♦rç❛ ✐ô♥✐❝❛s ✶✺✵♠▼✱ ✶✵♠▼

❡ ✶♠▼

P❛r❛ ♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❆③✉r❡ ❆ ❡ ❉◆❆

❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦ ♠♦❞❡❧♦ ◗✉❡♥❝❤❡❞ ❉✐s♦r❞❡r ♣❛r❛ ❛s ❢♦rç❛s ✐ô♥✐❝❛s ❞❡ ✶✺✵♠▼ ❡ ✶✵♠▼✱

t❡♥❞♦ ❡♠ ✈✐st❛ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ ♠❛♥t❡✈❡✲s❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡✳

◆❛ ❋✐❣✉r❛ ❛ s❡❣✉✐r ✭✾✳✺✮✱ t❡♠♦s ♥♦✈❛♠❡♥t❡ ♦s ❣rá✜❝♦s ❞❡ ♣❡rs✐stê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛

✺✻



❝♦♥❝❡♥tr❛çã♦ ❞❡ ❧✐❣❛♥t❡s ❡♠ ❛❧t❛ ❡ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ❛❥✉st❛❞♦s ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ t❡ór✐❝♦

◗✉❡♥❝❤❡❞ ❉✐s♦r❞❡r✳

❋✐❣✉r❛ ✾✳✺✿ ●rá✜❝♦ ❞♦ ♠♦❞❡❧♦ ◗✉❡❡♥❝❤❡❞ ❉✐s♦r❞❡r ❞❛ ✐♥t❡r❛çã♦ ❆③✉r❡ ❆ ❛♣❧✐❝❛❞❛ ❡♠
❞✉❛s ❢♦rç❛s ✐ô♥✐❝❛s ❞✐❢❡r❡♥t❡s❀ ❛✮ P❇❙ ✶✺✵♠▼ ❜✮ P❇❙ ✶✵♠▼✳ ❊♠ ♣r❡t♦ ♦s ♣♦♥t♦s ♦❜t✐❞♦s
❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ✈❡r♠❡❧❤♦ ♠❛r❣❡♠ ❞❡ ❡rr♦ ❡ ❡♠ ❛③✉❧ ❝✉r✈❛ ❞❡ ❛❥✉st❡✳ ❋♦♥t❡✿ Pró♣r✐♦
❛✉t♦r✳

❆ ♣❛rt✐r ❞♦ ❛❥✉st❡ t❡ór✐❝♦ ❢♦✐ ♣♦ssí✈❡❧ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞❛ ✐♥t❡r❛çã♦✱ ✉t✐❧✐③❛♥❞♦

♦ ♠ét♦❞♦ ❞❡ ♠í♥✐♠♦s q✉❛❞r❛❞♦s✳ ❊♠ ❢♦rç❛ ✐ô♥✐❝❛ ✶✺✵♠▼✱ ♦❜t❡✈❡✲s❡ ✉♠ ✈❛❧♦r ♣❛r❛

♣❡rs✐stê♥❝✐❛ ❧♦❝❛❧ A1 ❂ ✶✾✱✸ ♥♠✱ ❝♦♠ ✉♠❛ ❝♦♥st❛♥t❡ q✉í♠✐❝❛ ❞❡ ❛ss♦❝✐❛çã♦ Ki ❂ 8, 5×105

M−1 ❡ ♦ ♣❛râ♠❡tr♦ ❞❡ ❡①❝❧✉sã♦✱ sít✐♦s ♦❝✉♣❛❞♦s ♣♦r ♠♦❧é❝✉❧❛ ❞❡ ❧✐❣❛♥t❡✱ ◆ ❂ ✵✱✹✽✱ ♦✉

s❡❥❛ ♣❛r❛ q✉❡ ♦❝✉♣❛r ✉♠ sít✐♦ ❞❡ ❧✐❣❛çã♦ é ♣r❡❝✐s♦ t❡r ❞✉❛s ♠♦❧é❝✉❧❛s ❞❡ ❆③✉r❡ ❆✳

P❛r❛ ❛♥❛❧✐s❛r ❡ ❡st✐♠❛r ♦s ♣❛râ♠❡tr♦s ❞❛ ✐♥t❡r❛çã♦ ❡♠ ❢♦rç❛ ✐ô♥✐❝❛ ✐♥t❡r♠❡❞✐ár✐❛✱ P❇❙

✶✵ ♠▼✱ ✉♠❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ♠❡♥♦r ♥❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ❢♦✐ ❛❞♦t❛❞❛ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛

s✐♠✐❧❛r à ❛q✉❡❧❛ ✉t✐❧✐③❛❞❛ ❡♠ s♦❧✉çã♦ P❇❙ ✶✺✵ ♠▼✳ P❛r❛ ❡ss❛ ❝♦♥❞✐çã♦✱ ❢♦✐ ♦❜t✐❞♦ A1 =

36 ♥♠✱ ❝♦♠ ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ❛ss♦❝✐❛çã♦ Ki ❂ ✶ ×106M−1 ❡ ♥ú♠❡r♦ ❞❡ ❡①❝❧✉sã♦✱ N = 1✱

✉♠❛ ♠♦❧é❝✉❧❛ ♣❛r❛ ❝❛❞❛ sít✐♦ ❞❡ ❧✐❣❛çã♦✳ ❊ss❡s r❡s✉❧t❛❞♦s ❡♥❞♦ss❛♠ ❞❡ q✉❡ ♦ ♠♦❞♦ ❞❡

✐♥t❡r❛çã♦ ❡♠ ❛❧t❛ ❡ ✐♥t❡r♠❡❞✐ár✐❛ ❢♦rç❛ ✐ô♥✐❝❛ ♦❝♦rr❡ ❡♥tr❡ ❛s ❢❡♥❞❛s ❞♦ ❉◆❆✳

❊♠ ❝♦♥❞✐çõ❡s ❞❡ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ♦❜s❡r✈❛♠♦s q✉❡ ♦ ♠♦❞♦ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❆③✉r❡

❆ ❡ ♦ ❉◆❆ ❞✐❢❡r❡ ❞❛q✉❡❧❡ ♦❜s❡r✈❛❞♦ ❡♠ s✐t✉❛çõ❡s ❛♥t❡r✐♦r❡s✳ ◆❡ss❛ ❢❛✐①❛ ❞❡ ❢♦rç❛ ✐ô♥✐❝❛✱

♦❝♦rr❡ ✉♠ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦✱ r❡s✉❧t❛♥t❡ ❞❛ t♦rçã♦ ❞❛

❞✉♣❧❛ ❤é❧✐❝❡✱ q✉❡ t❡♥❞❡ ❛ ❞❡s❢❛③ê✲❧❛ à ♠❡❞✐❞❛ q✉❡ ♦ ❧✐❣❛♥t❡ s❡ ✐♥s❡r❡ ❡♥tr❡ ♦s ♣❛r❡s ❞❡

❜❛s❡s✳

P❛r❛ ♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s ✉s❛r❡♠♦s ❛ ♠❡s♠❛ ✐s♦t❡r♠❛✱ ▼❈●❤❡❡ ✲

❱♦♥ ❍✐♣♣❡❧✱ ❝♦♠ ❛❞❛♣t❛çõ❡s ♥♦s ♣❛râ♠❡tr♦s ♣❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ❛♥❛❧✐s❛r ❛ ❝♦♥❝❡♥tr❛çã♦

❡♠ ❢✉♥çã♦ ❞♦ ❝♦♥t♦r♥♦✳ ◆❡ss❛ ❛❞❛♣t❛çã♦✱ ✐r❡♠♦s r❡❡s❝r❡✈❡r ♦s ♣❛râ♠❡tr♦s ❡♠ ❢✉♥çã♦ ❞♦s

✺✼



♥♦✈♦s✱ ❛♣r❡s❡♥t❛❞♦s ❛ s❡❣✉✐r

Θ =
L− L0

L0

= rγ;
Nb

Nbp

=
Cb

Cbp

= r; Cf = CT − Cb = CT − rCbp ✭✾✳✶✮

◆❡ss❛ ❢♦r♠✉❧❛çã♦✱ Θ r❡♣r❡s❡♥t❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ r❡❧❛t✐✈♦✱ γ é ❞❡✜♥✐❞♦ ❝♦♠♦

❛ ❢r❛çã♦ ❞♦ ❡s♣❛ç❛♠❡♥t♦ ❝❛✉s❛❞♦ ♣❡❧♦ ❧✐❣❛♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡ ❝❛❞❛ ♣❛r

❞❡ ❜❛s❡s ♥♦ ❉◆❆ s❡♠ ❧✐❣❛♥t❡✱ r é ❛ ❢r❛çã♦ ❧✐❣❛❞❛ ❡ CT ❝♦♠♦ ❛ ❝♦♥❝❡♥tr❛çã♦ t♦t❛❧ ❬✶✵✼❪✳

❊s❝r❡✈❡♥❞♦ ❛ ✐s♦t❡r♠❛ ❞❡ ▼❈●❤❡❡✲❱♦♥ ❍✐♣♣❡❧ ❡♠ t❡r♠♦s ❞❡ss❡s ♥♦✈♦s ♣❛râ♠❡tr♦s✱

t❡♠♦s ❛ ❡q✉❛çã♦ ❛ s❡❣✉✐r✿

CT =
ΘCbp

γ
+

Θ

γKi(1−
NΘ
γ
)

[

1− NΘ
γ

1− (N − 1)Θ
γ

]1−N

✭✾✳✷✮

❆♦ ❡s❝r❡✈❡r ❛ ✐s♦t❡r♠❛ ❞❡ss❛ ♠❛♥❡✐r❛✱ t❡♠♦s ♣❛râ♠❡tr♦s ❛ ❞❡t❡r♠✐♥❛r✱ γ✱ Ki ❡ ◆✱

❡ ❝♦♠♦ ♣❛râ♠❡tr♦ ❧✐✈r❡ t❡♠♦s Θ✳ ❆ss✐♠✱ ♣♦❞❡♠♦s ♣❧♦t❛r ♦ ❣rá✜❝♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❡

❝❛❧❝✉❧❛r ♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s✳ ◆❛ ❋✐❣✉r❛ ✾✳✻✱ ❡stá ❛♣r❡s❡♥t❛❞♦ ♦ ❣rá✜❝♦ ❞❛ ❝♦♥✲

❝❡♥tr❛çã♦ t♦t❛❧ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♥t♦r♥♦ r❡❧❛t✐✈♦✱ ❝✉❥♦ ♦ ❛❥✉st❡ t❡ór✐❝♦ ❢♦✐ ❢❡✐t♦ ❝♦♠ ❛ ❢✉♥çã♦

❛♥t❡r✐♦r✳

❋✐❣✉r❛ ✾✳✻✿ ❈♦♥❝❡♥tr❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦♥t♦r♥♦ r❡❧❛t✐✈♦ ❡♠ ❜❛✐①❛ ❢♦rç❛
✐ô♥✐❝❛ ✭P❇❙ ✶♠▼✮✳

❈♦♠♦ ❞✐s❝✉t✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ❛❥✉st❡ ❞❡ ❝✉r✈❛ é ✉♠❛ ❢❡rr❛♠❡♥t❛ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛

❛ ❞❡t❡r♠✐♥❛çã♦ ♣r❡❝✐s❛ ❞♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦✲q✉í♠✐❝♦s q✉❡ r❡❣❡♠ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s

♠♦❧é❝✉❧❛s✳ ❆♦ ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ♦❜s❡r✈♦✉✲s❡ ✉♠ ✈❛❧♦r ❞❡

◆ ❂ ✶✱✷✸✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❆③✉r❡ ❆ ❡ ♦ ❉◆❆ t❡♠ ✉♠❛ ♦❝✉♣❛çã♦ ❞❡

♠ú❧t✐♣❧♦s sít✐♦s ❞❡ ❧✐❣❛çã♦ ♣♦r ❝❛❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❝♦r❛♥t❡✳

❆❧é♠ ❞✐ss♦✱ ❛ ❝♦♥st❛♥t❡ ❞❡ ❡q✉✐❧í❜r✐♦ ❡st✐♠❛❞❛✱ Ki = 3, 0 × 106▼−1✱ ❝♦♥✜r♠❛♥❞♦ ❛

✺✽



❡st❛❜✐❧✐❞❛❞❡ ❞❡ss❛ ✐♥t❡r❛çã♦✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ✐♥t❡r❝❛❧❛çã♦ ❡♥tr❡ ♦ ❆③✉r❡ ❆ ❡

♦ ❉◆❆ é ❛❧t❛♠❡♥t❡ ❢❛✈♦rá✈❡❧ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛✳ ❊♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛✱

t❡♠♦s ✉♠❛ ♠❡♥♦r ❜❧✐♥❞❛❣❡♠ ❡❧❡tr♦stát✐❝❛ ❢❛✈♦r❡❝❡♥❞♦ ❛ ❛♣r♦①✐♠❛çã♦ ❞♦ ❝♦r❛♥t❡ às ❜❛s❡s

♥✐tr♦❣❡♥❛❞❛s ❞♦ ❉◆❆✱ ❢❛✈♦r❡❝❡♥❞♦ ❛ss✐♠ ♦ ♠♦❞♦ ❞❡ ✐♥t❡r❝❛❧❛çã♦✳

✺✾



❈❛♣ít✉❧♦ ✶✵

❈♦♥❝❧✉sã♦

❈♦♠ ♦ ✉s♦ ❞❛ té❝♥✐❝❛ ❞❡ ♣✐♥ç❛ ó♣t✐❝❛✱ é ♣♦ssí✈❡❧ ❛♥❛❧✐s❛r ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❉◆❆

❡ ❧✐❣❛♥t❡s ❞❡ ❢♦r♠❛ ♠❛✐s ♣r❡❝✐s❛ ❡ ♥ã♦ ✐♥✈❛s✐✈❛✱ ✉♠❛ ✈❡③ q✉❡ ♣♦❞❡♠♦s ❢❛③❡r ❛ ❛♥á❧✐s❡

✐♥❞✐✈✐❞✉❛❧✐③❛❞❛ ❡ s❡♠ ❞❛♥♦s ❡str✉t✉r❛✐s ♥❛ ♠♦❧é❝✉❧❛✱ ♦❜t❡♥❞♦ ♦s ♣❛râ♠❡tr♦s ❜✐♦q✉í♠✐✲

❝♦s ❞❡ ✐♥t❡r❛çã♦ ❛ ♣❛rt✐r ❞❡ ♠❡❝â♥✐❝♦s ✐♥❞✐✈✐❞✉❛✐s✳ ❖ ❛♣r♦❢✉♥❞❛♠❡♥t♦ ♥♦ ❡♥t❡♥❞✐♠❡♥t♦

❞❡ss❛s ✐♥t❡r❛çõ❡s ♣♦❞❡ ❛❜r✐r ♥♦✈♦s ❤♦r✐③♦♥t❡s ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞❡ss❡ ❝♦♠♣♦st♦ ❡♠ ár❡❛s

❡str❛té❣✐❝❛s✳

❆ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❝♦r❛♥t❡ ❆③✉r❡ ❆ ❡ ❛ ♠♦❧é❝✉❧❛ ❞❡ ❉◆❆ ❛✐♥❞❛ é ❡s❝❛ss❛ ♥❛ ❧✐t❡r❛t✉r❛✳

❊ss❡ ❢♦✐ ♦ ♣r✐♠❡✐r♦ tr❛❜❛❧❤♦ ❡st✉❞❛♥❞♦ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❝♦r❛♥t❡ ❢❡♥♦t✐❛③í♥✐❝♦ ❆③✉r❡ ❆

❡ ❛ ♠♦❧é❝✉❧❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❉◆❆✱ ❢♦✐ ❝♦♥st❛t❛❞♦ q✉❡ ❛ ✐♥t❡r❛çã♦ é ❞✐r❡t❛♠❡♥t❡ ♠♦❞✐✜❝❛❞❛

♣❡❧❛ ❢♦rç❛ ✐ô♥✐❝❛ ❞♦ ♠❡✐♦✳ ❊♠ ❝♦♥❞✐çõ❡s ❞❡ ❛❧t❛ ❡ ♠é❞✐❛ ❢♦rç❛ ✐ô♥✐❝❛✱ ✶✺✵♠▼ ❡ ✶✵♠▼✱

t❡♠♦s ✉♠❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❢❡♥❞❛s ♠❡♥♦r❡s✱ ❡♥q✉❛♥t♦ ❡♠ ❜❛✐①❛ ❢♦rç❛ ✐ô♥✐❝❛ t❡♠♦s ✉♠❛

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

❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡①t♦✱ ❛♦ ❧♦♥❣♦ ❞❡ss❡ tr❛❜❛❧❤♦ t♦r♥♦✉✲s❡ ♥❡❝❡ssár✐♦

❝r✐❛r ✉♠ ♣r♦t♦❝♦❧♦ ♣❛r❛ ❛r♠❛③❡♥❛❣❡♠ ❞♦ ❧✐❣❛♥t❡ ❡ ❡st❛❜❡❧❡❝❡r ✉♠ t❡♠♣♦ ♣❛r❛ ❛t✐♥❣✐r ♦

❡q✉✐❧í❜r✐♦✳ ◆❡ss❡ ❝♦♥t❡①t♦✱ ❝❛❜❡✲s❡ ❛q✉✐ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡st✉❞❛r ❛ ✐♥t❡r❛çã♦ ❡ ❞❡s❡♥✲

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

❛✉sê♥❝✐❛ ❞❡ ❧✉③✱ ♠♦❞♦s ❞❡ ✐♥t❡r❛çã♦ ❞❡♣❡♥❞❡♥t❡s ❞❛ ❧✉③✱❡t❝✳ ❡ss❡s ❢❛t♦r❡s sã♦ ✐♠♣♦rt❛♥t❡s✱

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

❡❧❡tr♦❝rô♠✐❝♦s ❡ s❡♥s♦r❡s ♦♥❝♦❧ó❣✐❝♦s✱ ❡♥tr❡ ♦✉tr♦s✳

✻✵



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❊✳ ●♦r❛❜ ❛♥❞ P✳ ▲✳ ❙✳ ▲❡♠❡✱ ✏➚ ❢r❡♥t❡ ✭♦✉ ❛trás✮ ❞❛ ❞❡s❝♦❜❡rt❛ ❞♦ ❞♥❛✿ ❋r✐❡❞r✐❝❤

♠✐❡s❝❤❡r✱ ♠é❞✐❝♦ ✴ ❛❤❡❛❞ ♦❢ ✭♦r ❜❡❤✐♥❞✮ t❤❡ ❞♥❛ ❞✐s❝♦✈❡r②✿ ❋r✐❡❞r✐❝❤ ♠✐❡s❝❤❡r✱

♣❤②s✐❝✐❛♥✱✑ ❆rq✉✐✈♦s ▼é❞✐❝♦s ❞♦s ❍♦s♣✐t❛✐s ❡ ❞❛ ❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s ▼é❞✐❝❛s ❞❛

❙❛♥t❛ ❈❛s❛ ❞❡ ❙ã♦ P❛✉❧♦✱ ❏✉♥❡ ✷✵✷✸✳

❬✷❪ ●✳ ▼❡♥❞❡❧✱ ❚❤❡ ♦r✐❣✐♥ ♦❢ ❣❡♥❡t✐❝s✿ ❆ ▼❡♥❞❡❧ s♦✉r❝❡ ❜♦♦❦✳ ❋r❡❡♠❛♥✱ ✶✾✻✻✳

❬✸❪ ◆✳ ❈✳ ▼✉❧❧✐♥s✱ ✏❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ s❝✐❡♥t✐✜❝ s♣❡❝✐❛❧t②✿ ❚❤❡ ♣❤❛❣❡ ❣r♦✉♣ ❛♥❞ t❤❡

♦r✐❣✐♥s ♦❢ ♠♦❧❡❝✉❧❛r ❜✐♦❧♦❣②✱✑ ▼✐♥❡r✈❛✱ ♣♣✳ ✺✶✕✽✷✱ ✶✾✼✷✳

❬✹❪ ❊✳ ❈❤❛r❣❛✛✱ ❘✳ ▲✐♣s❤✐t③✱ ❛♥❞ ❈✳ ●r❡❡♥✱ ✏❈♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❞❡s♦①②♣❡♥t♦s❡ ♥✉❝❧❡✐❝

❛❝✐❞s ♦❢ ❢♦✉r ❣❡♥❡r❛ ♦❢ s❡❛✲✉r❝❤✐♥✱✑ ❏♦✉r♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐str②✱ ✈♦❧✳ ✶✾✺✱ ♥♦✳ ✶✱

♣♣✳ ✶✺✺✕✶✻✵✱ ✶✾✺✷✳

❬✺❪ ❘✳ ❊✳ ❋r❛♥❦❧✐♥ ❛♥❞ ❘✳ ●✳ ●♦s❧✐♥❣✱ ✏▼♦❧❡❝✉❧❛r ❝♦♥✜❣✉r❛t✐♦♥ ✐♥ s♦❞✐✉♠ t❤②♠♦♥✉❝❧❡✲

❛t❡✱✑ ◆❛t✉r❡✱ ✈♦❧✳ ✶✼✶✱ ♥♦✳ ✹✸✺✻✱ ♣♣✳ ✼✹✵✕✼✹✶✱ ✶✾✺✸✳

❬✻❪ ❈✳ ▼♦❧♥❛r✱ ❏✳ ●❛✐r✱ ❙✳ ❋♦✇❧❡r✱ ❇❈ ❖♣❡♥ ❚❡①t❜♦♦❦ Pr♦❥❡❝t✱ ❛♥❞ ❇❈❝❛♠♣✉s✱ ❈♦♥✲

❝❡♣ts ♦❢ ❜✐♦❧♦❣②✳ ❬❱✐❝t♦r✐❛❪✿ ❇❈❝❛♠♣✉s✱ ❇❈ ❖♣❡♥ ❚❡①t❜♦♦❦ Pr♦❥❡❝t ❬❱✐❝t♦r✐❛❪✱ ✶st
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