
HAL Id: hal-00701970
https://hal.science/hal-00701970

Submitted on 28 May 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Fracture aperture reconstruction and determination of
hydrological properties: a case study at Draix (French

Alps)
Amélie Neuville, Renaud Toussaint, Jean Schmittbuhl

To cite this version:
Amélie Neuville, Renaud Toussaint, Jean Schmittbuhl. Fracture aperture reconstruction and determi-
nation of hydrological properties: a case study at Draix (French Alps). Hydrological Processes, 2012,
pp.7985. �10.1002/hyp.7985�. �hal-00701970�

https://hal.science/hal-00701970
https://hal.archives-ouvertes.fr


❋r❛❝t✉r❡ ❛♣❡rt✉r❡ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞
❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❤②❞r♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s✿ ❛

❝❛s❡ st✉❞② ❛t ❉r❛✐① ✭❋r❡♥❝❤ ❆❧♣s✮

❆✳ ◆❡✉✈✐❧❧❡ ✶✱✷ ❘✳ ❚♦✉ss❛✐♥t ✶✱✷ ❏✳ ❙❝❤♠✐tt❜✉❤❧ ✶✱✷

❋❡❜r✉❛r② ✷✺✱ ✷✵✶✵

❛♠❡❧✐❡✳♥❡✉✈✐❧❧❡❅❡♦st✳✉✲str❛s❜❣✳❢r

r❡♥❛✉❞✳t♦✉ss❛✐♥t❅❡♦st✳✉✲str❛s❜❣✳❢r

❥❡❛♥✳s❝❤♠✐tt❜✉❤❧❅❡♦st✳✉✲str❛s❜❣✳❢r

❙✉❜♠✐tt❡❞ t♦ ❍P ✲ s♣❡❝✐❛❧ ✐ss✉❡ ♣❛♣❡r✱ ✇✐t❤ t❤❡ r❡❢❡r❡♥❝❡ ❙✶✹✼ ❈❧❛② ❙❤❛❧❡s
❛♥❞ ❈❧❛②❡② ❙❡❞✐♠❡♥ts

❆❜str❛❝t

❲❡ ♣r♦♣♦s❡ t✇♦ t❡❝❤♥✐q✉❡s ❢♦r ❢r❛❝t✉r❡ ❛♣❡rt✉r❡ r❡❝♦♥str✉❝t✐♦♥✳
❚❤❡ ✜rst ♦♥❡ ✐s ❛ ❝♦rr❡❧❛t✐♦♥ t❡❝❤♥✐q✉❡ t❤❛t ❡st✐♠❛t❡s t❤❡ ♥♦r♠❛❧ ❛♣❡r✲
t✉r❡ ♦r t❤❡ t❛♥❣❡♥t✐❛❧ s❤✐❢t ❛❝r♦ss ❛ ❞✐s❝♦♥t✐♥✉✐t② ✇❤♦s❡ s✐❞❡s ♣r❡s❡♥t
❣❡♦♠❡tr✐❝❛❧ s✐♠✐❧❛r✐t✐❡s✳ ❚❤❡ ♦♥❧② r❡q✉✐r❡❞ ♠❛t❡r✐❛❧ ✐s ❛ ♣❛✐r ♦❢ ❛♣♣r♦✲
♣r✐❛t❡❧② ❝♦♥tr♦❧❧❡❞ ✐♠❛❣❡s ♦❢ ❡❛❝❤ s✐❞❡✳ ❍❡r❡ t❤❡ ✐♠❛❣❡s ❛r❡ ♠❛♣s ♦❢ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ s✐❞❡✬s t♦♣♦❣r❛♣❤②✱ ♦❜t❛✐♥❡❞ ❢r♦♠ ❧❛s❡r ♣r♦✜❧♦♠❡tr②✳ ❆s✲
s✉♠✐♥❣ ❛ ♣✉r❡❧② ♥♦r♠❛❧ ♦♣❡♥✐♥❣✱ ✐t ✐s ♣♦ss✐❜❧❡✱ ❢r♦♠ t✇♦ ❝♦rr❡s♣♦♥❞✐♥❣
s✐❞❡s ♦❢ ❛ ❣✐✈❡♥ ❞✐s❝♦♥t✐♥✉✐t② ✐♥ ❛ ❝♦r❡ ❧♦❣✱ t♦ ✐♥❢❡r t❤❡ ♣r❡❝✐s❡ ❣❡♦♠❡✲
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s♦♠❡ t②♣❡s ♦❢ ♦♣❡♥ ❢r❛❝t✉r❡s ❛♥❞ t❤❡ t❤✐❝❦♥❡ss ♦❢ ✈❡✐♥s✱ ✐♥ ♦r❞❡r t♦ ❡st✐♠❛t❡
t❤❡ ❤②❞r❛✉❧✐❝ ❜❡❤❛✈✐♦r ✐♥ ❛ ❢r❛❝t✉r❡❞ ❜❡❞r♦❝❦✳ ❚❤❡ st✉❞✐❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❛r❡
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❡①♣❡r✐♠❡♥t❛❧ s✐t❡ ❡①♣❧♦✐t❡❞ t♦ ✉♥❞❡rst❛♥❞ ❧❛♥❞s❧✐❞❡ ♣r♦❝❡ss❡s ✭❋r❡ss❛r❞ ❡t ❛❧✳✱
✷✵✵✾✮✳ ❆t ❧❛❜♦r❛t♦r② s❝❛❧❡✱ ❛♣❡rt✉r❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❢r❛❝t✉r❡ ❤❛s ♣r❡✈✐♦✉s❧②
❜❡❡♥ ❡①♣❧♦r❡❞ ✐♥ ✈❛r✐♦✉s ✇❛②s ❞❡♣❡♥❞✐♥❣ ✐❢ t❤❡ ❢r❛❝t✉r❡ ❢✉❧❧② ✐♥t❡r❝❡♣ts t❤❡
s❛♠♣❧❡ ✭♣r♦✈✐❞✐♥❣ t✇♦ s❛♠♣❧❡ ♣✐❡❝❡s✮ ♦r ♥♦t✳ ❙♦♠❡ ♦❢ t❤❡ ♠❡t❤♦❞s ❛❧❧♦✇
t♦ ♦❜t❛✐♥ t❤❡ ❛♣❡rt✉r❡ ✢✉❝t✉❛t✐♦♥s ❞✐r❡❝t❧②✿ ❢♦r ✐♥st❛♥❝❡ ❳✲r❛② ❝♦♠♣✉t❡r
t♦♠♦❣r❛♣❤② ♠❡❛s✉r❡♠❡♥ts ✭❡✳❣✳ ◆♦✐r✐❡❧ ✭✷✵✵✺✮✮ ♦r r❡s✐♥ ✐♥❥❡❝t✐♦♥ ✐♥t♦ t❤❡
❢r❛❝t✉r❡ ✭❡✳❣✳ ●❡♥t✐❡r ❛♥❞ ❍♦♣❦✐♥s ✭✶✾✾✼✮❀ ❍❛❦❛♠✐ ❛♥❞ ▲❛rss♦♥ ✭✶✾✾✻✮✮✳ ■♥
❍❛❦❛♠✐ ❛♥❞ ▲❛rss♦♥ ✭✶✾✾✻✮ t❤❡ s❛♠♣❧❡ ✇❛s t❤❡♥ s❧✐❝❡❞ ♣❡r♣❡♥❞✐❝✉❧❛r❧② t♦
t❤❡ ❢r❛❝t✉r❡ ❛♥❞ t❤❡ ❛♣❡rt✉r❡ ✇❛s ♠❡❛s✉r❡❞ ♦♥ ❡❛❝❤ s❧✐❞❡ ✉s✐♥❣ ✐♠❛❣❡s ♦❜✲
t❛✐♥❡❞ ❢r♦♠ ❛♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡✳ ■❢ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ❢r❛❝t✉r❡ ❛r❡ s❡♣❛r❛t❡❞✱
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t❤❡ ❛♣❡rt✉r❡ ✢✉❝t✉❛t✐♦♥s ❝❛♥ ❛❧s♦ ❜❡ ♦❜t❛✐♥❡❞ ✐♥❞✐r❡❝t❧②✱ ❜② ♠❡❛s✉r✐♥❣ t❤❡
t♦♣♦❣r❛♣❤② ♦❢ ❢❛❝✐♥❣ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇❤♦s❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥ ✐s ❡♥s✉r❡❞ ❜② ❛
❝♦♠♠♦♥ r❡❢❡r❡♥❝❡ ❢r❛♠❡ ✭❡✳❣✳ t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ s❛♠♣❧❡✮✳ ❋♦r ✐♥st❛♥❝❡✱ ✐t
✇❛s ❞♦♥❡ ❜② ✉s✐♥❣ tr❛♥s♣❛r❡♥t ❝❛sts ♦❢ ❡❛❝❤ s✉r❢❛❝❡s✱ ✇❤♦s❡ ♠♦r♣❤♦❧♦❣② ❝❛♥
❜❡ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ ❧✐❣❤t ❛tt❡♥✉❛t✐♦♥ ♣r♦♣❡rt✐❡s ✭❡✳❣✳ ■s❛❦♦✈ ❡t ❛❧✳ ✭✷✵✵✶✮✮✱
❛♥❞ ❛❧s♦ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ♠♦r♣❤♦❧♦❣② ♦❢ s✉r❢❛❝❡s ✉s✐♥❣ ♠❡❝❤❛♥✐❝❛❧ ♦r ❧❛s❡r
♣r♦✜❧❡rs ✭❡✳❣✳❱✐❝❡♥t❡ ❙✐❧✈❡str❡ ❡t ❛❧✳ ✭✷✵✵✷✮❀ ❙❤❛r✐❢③❛❞❡❤ ❡t ❛❧✳ ✭✷✵✵✽✮❀ ▲❡❡
❛♥❞ ❈❤♦ ✭✷✵✵✷✮❀ ❙❛❦❛❣✉❝❤✐ ❡t ❛❧✳ ✭✷✵✵✽✮✮✳ ■♥ s♦♠❡ ♦❢ t❤❡ ♣r❡✈✐♦✉s❧② ❝✐t❡❞
st✉❞✐❡s✱ t❤❡ ❛✈❡r❛❣❡ ❛♣❡rt✉r❡ ✐s ❡✐t❤❡r ❛ ♣r✐♦r✐ ❦♥♦✇♥✱ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ t❤❡
s❛♠♣❧❡ ❢✉❧❧② ❡♠❜♦❞✐❡s t❤❡ ❢r❛❝t✉r❡✱ ♦r ❛r❜✐tr❛r✐❧② ✜①❡❞✿ ❢♦r ✐♥st❛♥❝❡ ✇❤❡♥
❜♦t❤ ❢r❛❝t✉r❡ s✐❞❡s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ✐♥ ❝♦♥t❛❝t✳ ❲❤❡♥ t❤❡ s❛♠♣❧❡ ✐s ❡♥✲
t✐r❡❧② ✐♥t❡r❝❡♣t❡❞ ❜② t❤❡ ❞✐s❝♦♥t✐♥✉✐t②✱ ♣r♦✈✐❞✐♥❣ t✇♦ s❡♣❛r❛t❡❞ s✐❞❡s ✇❤♦s❡
r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥ ✐s ✉♥❦♥♦✇♥✱ t❤❡ ❛✈❡r❛❣❡ ❛♣❡rt✉r❡ ✐s tr✐❝❦② t♦ ❡st✐♠❛t❡✳ ❙✉❝❤
♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t✐❡s✱ s❤♦✇✐♥❣ ♥♦ ❝♦♥t❛❝t ❛t s❛♠♣❧❡ s❝❛❧❡ ❜❡t✇❡❡♥ ❜♦t❤ s✐❞❡s
❝❛♥ t②♣✐❝❛❧❧② ❜❡ ❢♦✉♥❞ ✐♥ s❛♠♣❧❡s ❡①tr❛❝t❡❞ ❢r♦♠ ❛ ❝♦r❡ ❞r✐❧❧❡❞ ✐♥ ❢r❛❝t✉r❡❞
❜❡❞r♦❝❦s ✭❡✳❣✳ ▲♦✜ ❡t ❛❧✳ ✭✷✵✵✾✮❀ ●❡♥t❡r ❛♥❞ ❚r❛✐♥❡❛✉ ✭✶✾✾✻✮✮✳ ❋♦r ❛ s❡❛❧❡❞
❞✐s❝♦♥t✐♥✉✐t②✱ t❤❡ s✐t✉❛t✐♦♥ ✐s ❞✐✛❡r❡♥t✳ ❇♦✉♥❞❛r② ❣❡♦♠❡tr② ❝❛♥ ❜❡ ❞✐r❡❝t❧②
♠❡❛s✉r❡❞ ✐❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♠❛t❡r✐❛❧ ❝❛♥ ❜❡ r❡♠♦✈❡❞✳ ❍♦✇❡✈❡r ♥♦t❡✱ ❡✈❡♥ ✐♥
t❤✐s ❝❛s❡✱ t❤❛t t❤❡ ✈♦❧✉♠❡tr✐❝ ❣❡♦♠❡tr② ✐s ❧♦st ✇❤❡♥ ❜♦t❤ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥s
❛r❡ ♥♦t ♠❡❛s✉r❡❞ ✐♥ ❛ ❝♦♠♠♦♥ r❡❢❡r❡♥❝❡ ❢r❛♠❡✳ ■♥ s❡❝t✐♦♥ ✷ ♦❢ t❤✐s ♣❛♣❡r✱ ✇❡
❞❡t❛✐❧ t✇♦ ♠❡t❤♦❞s✱ r❡s♣❡❝t✐✈❡❧② ❞❡❞✐❝❛t❡❞ t♦ ♦♣❡♥ ❛♥❞ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s✱
❛❧❧♦✇✐♥❣ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❜♦t❤ t❤❡ ❛✈❡r❛❣❡ ❛♣❡rt✉r❡ ❛♥❞ t❤❡ r♦✉❣❤♥❡ss
✈❛r✐❛t✐♦♥ ♦❢ ❛ ❞✐s❝♦♥t✐♥✉✐t②✳ ❚❤❡ ✜rst ♠❡t❤♦❞ r❡q✉✐r❡s t❤❡ ❛♥❛❧②③❡ ♦❢ t❤❡
❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ s✉r❢❛❝❡s✱ ♣r♦✈✐❞❡❞ t❤❛t t❤❡s❡ ❝♦rr❡❧❛t✐♦♥s ❡①✐st✳ ❋♦r
❛ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t②✱ t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥✐♥❣ ✐s ❡♥s✉r❡❞ ❜② ❛tt❛❝❤✐♥❣ t❤❡
s❛♠♣❧❡ t♦ ❛ s♣❡❝✐✜❝ ❢r❛♠❡ ✇❤❡♥ ♠❡❛s✉r✐♥❣ ❡❛❝❤ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤②✳ ❇♦t❤
♠❡t❤♦❞s ❛r❡ ✐❧❧✉str❛t❡❞ ♦♥ ❡①♣❡r✐♠❡♥t❛❧ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✇❤♦s❡ s✉r❢❛❝❡ ❡❧❡✈❛✲
t✐♦♥s ✇❡r❡ ♣r❡✈✐♦✉s❧② ♠❡❛s✉r❡❞ ✇✐t❤ ❛ ❧❛s❡r ♣r♦✜❧❡r ✭◆❡✉✈✐❧❧❡ ❡t ❛❧✳ ✭✷✵✵✾❜✮✱
❤❡r❡❛❢t❡r r❡❢❡rr❡❞ ❛s ♣❛♣❡r ✶✮✱ ♣r♦✈✐❞✐♥❣ ❛♥ ❛❝❝✉r❛t❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ❡❛❝❤ s✉r✲
❢❛❝❡ t♦♣♦❣r❛♣❤②✳ ■♥ s❡❝t✐♦♥ ✸ ❛ st❛t✐st✐❝❛❧ st✉❞② ♦❢ t❤❡ ✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡
r❡s✉❧t✐♥❣ ❛♣❡rt✉r❡s ✐s ♣r❡s❡♥t❡❞✱ ❛♥❞ t❤❡ s❝❛❧✐♥❣ ❧❛✇s ❣♦✈❡r♥✐♥❣ t❤❡ ❛♣❡rt✉r❡
r♦✉❣❤♥❡ss ❛r❡ ❞❡t❡r♠✐♥❡❞✳ ■♥ s❡❝t✐♦♥ ✹✱ t❤❡ ❤②❞r❛✉❧✐❝ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ✈❛r✐♦✉s
❞✐s❝♦♥t✐♥✉✐t✐❡s ✐s ❞❡t❡r♠✐♥❡❞ ❛♥❞ t❤❡ ♦❜s❡r✈❡❞ s❝❛❧✐♥❣ ❧❛✇s ❛r❡ ✉s❡❞ t♦ ♦❜t❛✐♥
t❤❡ ❧❛r❣❡ s❝❛❧❡ ❤②❞r❛✉❧✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❢♦r♠❛t✐♦♥✳
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✷ ❆♣❡rt✉r❡ r❡❝♦♥str✉❝t✐♦♥

✷✳✶ ❘❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❛♣❡rt✉r❡ ♦❢ ❛♥ ♦♣❡♥ ❞✐s❝♦♥t✐✲

♥✉✐t② ✇✐t❤ ❝♦rr❡❧❛t❡❞ s✐❞❡s

✷✳✶✳✶ ❚♦♣♦❣r❛♣❤② ♦❢ t❤❡ s✐❞❡s ❛t ③❡r♦ r❡❧❛t✐✈❡ ❞✐s♣❧❛❝❡♠❡♥t

▲❡t ✉s ❝♦♥s✐❞❡r ❛ ❜r✐tt❧❡ ❡❧❛st✐❝ ❢r❛❝t✉r✐♥❣ t❤❛t ❝r❡❛t❡s t✇♦ s✐❞❡s ✇✐t❤ ❝♦♠✲
♣❧❡♠❡♥t❛r② ♠♦r♣❤♦❧♦❣✐❡s ✭♦r ❛s♣❡r✐t✐❡s✮✳ ■❢ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ✐♥❞✉❝❡❞ ❜② t❤❡
❢r❛❝t✉r✐♥❣ ✐s ③❡r♦✱ t❤❡♥ ❡❛❝❤ s✉r❢❛❝❡ ❛s♣❡r✐t② ✐s ✐♥ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ❝♦rr❡✲
s♣♦♥❞✐♥❣ ❛s♣❡r✐t② ♦♥ t❤❡ ♦t❤❡r s✉r❢❛❝❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶❛✳ ◆♦t❡ t❤❛t t❤✐s
st❛t❡ ♠✐❣❤t ❜❡ ✜❝t✐t✐♦✉s ✐❢ t❤❡ r❡❧❛t✐✈❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❝❝✉rs ❛t t❤❡ s❛♠❡ t✐♠❡
❛s t❤❡ ❢r❛❝t✉r✐♥❣✳ ■♥ ♣r❛❝t✐❝❡✱ ❞✉r✐♥❣ t❤❡ ❜❡❞r♦❝❦ ❤✐st♦r②✱ t❤❡ ❞✐s❝♦♥t✐♥✉✐t②
♠♦r♣❤♦❧♦❣② ♠✐❣❤t ❜❡ ♠♦❞✐✜❡❞ ❞✉❡ t♦ ❝❤❡♠♦✲♠❡❝❤❛♥✐❝❛❧ ♣r♦❝❡ss❡s✱ ❤❡♥❝❡
❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❜♦t❤ s✉r❢❛❝❡s ♠❛② ❞✐s❛♣♣❡❛r✳ ▲❡t ✉s ❝♦♥s✐❞❡r t❤❛t ❞❡✲
s♣✐t❡ ❛ ♣r♦❜❛❜❧❡ ❛❧t❡r❛t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✉r❡✱ ❡♥♦✉❣❤ ❝♦♠♣❧❡♠❡♥t❛r② ❛s♣❡r✐t✐❡s
♠❛② st✐❧❧ ❜❡ ♦❜s❡r✈❡❞✳

✷✳✶✳✷ Pr❡s❡♥t ❞✐s♣❧❛❝❡♠❡♥t ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❜♦r❡❤♦❧❡ ❜♦✉♥❞❛r✐❡s

❲❤❡♥ t❤❡ ❞r✐❧❧✐♥❣ ✐s ♣❡r❢♦r♠❡❞✱ t❤❡ ✐♥t❡r❝❡♣t ❜❡t✇❡❡♥ t❤❡ ❞r✐❧❧ ❛♥❞ ❜♦t❤ s✐❞❡s
♦❢ t❤❡ ❢r❛❝t✉r❡ ✐s ✈❡r② ❧✐❦❡❧② t♦ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥
♦❢ t❤❡ ❢r❛❝t✉r❡ s✐❞❡s ❛t t❤❡ ❞r✐❧❧✐♥❣ t✐♠❡✳ ❇♦t❤ ❝♦♠♣❧❡♠❡♥t❛r② s✐❞❡s ♠✐❣❤t
❤❛✈❡ ❜❡❡♥ s❤✐❢t❡❞ r❡❧❛t✐✈❡❧② t♦ ❡❛❝❤ ♦t❤❡r✳ ❍❛♥❞❧✐♥❣ t❤❡ s❛♠♣❧❡✱ ❛♥❞ ♠♦✈✐♥❣
❜♦t❤ s✐❞❡s r❡❧❛t✐✈❡❧② t♦ ❡❛❝❤ ♦t❤❡r✱ ♦♥❡ ❝❛♥ ✕ ✐♥ ♣r✐♥❝✐♣❧❡ ✕ r❡st♦r❡ ❝♦♥t❛❝t
❜❡t✇❡❡♥ t❤❡ ❝♦♠♣❧❡♠❡♥t❛r② ❛s♣❡r✐t✐❡s ✭✐✳❡✳✱ ❛s ❞❡✜♥❡❞ ❛❜♦✈❡✱ t❤❡ st❛t❡ ♦❢
t❤❡ ❢r❛❝t✉r❡ ❛t ③❡r♦ ❞✐s♣❧❛❝❡♠❡♥t✮✳ ■♥ ❣❡♥❡r❛❧✱ ♦♥❝❡ t❤❡ ❛s♣❡r✐t✐❡s ❛r❡ ✐♥
❝♦♥t❛❝t✱ t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ❢❛❝✐♥❣ s✐❞❡s ♥♦ ❧♦♥❣❡r ✜t✳ ❲❤❡♥ t❤❡ ❢r❛❝t✉r❡
✐s ♥♦t ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❝②❧✐♥❞r✐❝❛❧ ❝♦r❡ ❛①✐s✱ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥
t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ♠❡❛♥ ♣❧❛♥❡ ❛♥❞ t❤❡ ❜♦✉♥❞❛r② ♦❢ t❤❡ ❞r✐❧❧ ♣r♦✈✐❞❡s s✉r❢❛❝❡s
✇✐t❤ ❡❧❧✐♣t✐❝ ❜♦✉♥❞❛r✐❡s✳ ❚❤✐s ♦♥❧② ❛ss✉♠❡s t❤❛t β 6= 0✱ ✇❤❡r❡ β ✐s ❞❡✜♥❡❞
❛s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♥♦r♠❛❧ t♦ t❤❡ ♠❡❛♥ ❞✐s❝♦♥t✐♥✉✐t② ♣❧❛♥❡ ❛♥❞ t❤❡
❝♦r❡ ❛①✐s ✭s❡❡ ❋✐❣✳ ✶✮✳ ▲❡t ~δ ❜❡ t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ t❤❡ tr✉❡ ✈❡❝t♦r ❞✐s♣❧❛❝❡♠❡♥t
✜❡❧❞ ❜❡t✇❡❡♥ s✉r❢❛❝❡s✱ ✐♥ t❤❡ ❢r❛❝t✉r❡ ♠❡❛♥ ♣❧❛♥❡ ✭❞❡✜♥❡❞ ❤❡r❡ ❛s t❤❡ ♣❧❛♥❡
✜tt❡❞ ❜② ❛ ❧❡❛st ♠❡❛♥ sq✉❛r❡ ♠❡t❤♦❞ ♦❢ t❤❡ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤②✮✳ ■t ❝❛♥ ❜❡
♠❡❛s✉r❡❞ ❢r♦♠ t❤❡ s❤✐❢t ♦❢ t❤❡ ❡❧❧✐♣t✐❝❛❧ ❜♦✉♥❞❛r✐❡s ♦♥❝❡ t❤❡ ❝♦♠♣❧❡♠❡♥t❛r②
❛s♣❡r✐t✐❡s ❛r❡ ✐♥ ❝♦♥t❛❝t✳ ❚❤❡ ✈❡❝t♦r ✜❡❧❞ ~δ✱ t❤❛t ✇✐❧❧ ❢✉rt❤❡r ❜❡ ❝❛❧❧❡❞ t❤❡
✐♥✲♣❧❛♥❡ s❤✐❢t✱ ❛❧❧♦✇s t♦ r❡❝♦♥st✐t✉t❡ t❤❡ tr✉❡ ✜❡❧❞ ♦❢ r❡❧❛t✐✈❡ ❞✐s♣❧❛❝❡♠❡♥ts
♦❢ t❤❡ ❢r❛❝t✉r❡ s✐❞❡s✱ ✉♥❞❡r s♦♠❡ s✐♠♣❧❡ ❣❡♦♠❡tr✐❝❛❧ ❛ss✉♠♣t✐♦♥s✳
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✷✳✶✳✸ ❉✐s♣❧❛❝❡♠❡♥t ❤✐st♦r②

■❢ t❤❡ ❢r❛❝t✉r❡ ♦♣❡♥❡❞ ✐♥ s❤❡❛r ♠♦❞❡✱ ✐✳❡✳ ✇✐t❤ r❡❧❛t✐✈❡ ❞✐s♣❧❛❝❡♠❡♥t ♣❛r❛❧❧❡❧
t♦ t❤❡ ❛✈❡r❛❣❡ ♣❧❛♥❡✱ t❤❡♥ ~δ ✐s ✉♥✐❢♦r♠ ❛♥❞ ✐ts ♥♦r♠ ❞✐r❡❝t❧② ♣r♦✈✐❞❡s t❤❡
s❤❡❛r ✈❛❧✉❡✳ ▲❡t ✉s ♥♦✇ ❝♦♥s✐❞❡r t❤❡ ♦t❤❡r ❡♥❞✲♠❡♠❜❡r✱ ✐✳❡✳ ❛ ❢r❛❝t✉r❡
t❤❛t ♦♣❡♥❡❞ ✐♥ ♠♦❞❡ ■✱ ✇❤♦s❡ s✐❞❡s ♠♦✈❡❞ ❛❧♦♥❣ ❛ ❞✐r❡❝t✐♦♥ ♥♦r♠❛❧ t♦ t❤❡
♠❡❛♥ ♣❧❛♥❡✳ ❲❤❡♥ t❤❡ ❛①✐s ♦❢ t❤❡ ❞r✐❧❧ ✐s ♥♦t ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♠❡❛♥
❞✐s❝♦♥t✐♥✉✐t② ♣❧❛♥❡ ✭β 6= 0✮✱ t❤❡ ♠♦r❡ t❤❡ ❢r❛❝t✉r❡ ✐s ♦♣❡♥✱ t❤❡ ♠♦r❡ t❤❡ ❢❛❝✐♥❣
♣❛tt❡r♥s ✇✐❧❧ ❛♣♣❡❛r s❤✐❢t❡❞ ♦♥❝❡ t❤❡ ❝♦r❡ ✐s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❞r✐❧❧ ✭❋✐❣✳ ✶❜✮✳
■♥ t❤✐s ❝❛s❡✱ t❤❡ ✜❡❧❞ ~δ ✐s ❛❧s♦ ✉♥✐❢♦r♠✳ ❑♥♦✇✐♥❣ t❤❡ ❛♥❣❧❡ β ❛♥❞ t❤❡ ♥♦r♠ δ
✭❋✐❣✳ ✷✮✱ t❤❡ ❛✈❡r❛❣❡ ❛♣❡rt✉r❡ A✱ ♠❡❛s✉r❡❞ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛r t♦
t❤❡ ♠❡❛♥ ❞✐s❝♦♥t✐♥✉✐t② ♣❧❛♥❡✱ ❝❛♥ ❜❡ ❞❡❞✉❝❡❞✿ A = δ/ tan β✳ ❚❤❡ ❛♥❣❧❡ β ❝❛♥
❜❡ ♠❡❛s✉r❡❞ ❞✐r❡❝t❧② ♦♥ t❤❡ ❝♦♥s✐❞❡r❡❞ ❞✐s❝♦♥t✐♥✉✐t② ✉s✐♥❣ ❛♥ ✐♥❝❧✐♥♦♠❡t❡r✱
♦♥❝❡ t❤❡ ❝♦r❡ ✐s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ s♦✐❧✳ ▼♦r❡♦✈❡r t❤✐s ♠❡❛s✉r❡♠❡♥t ❛❧❧♦✇s
t♦ ❝❤❡❝❦ ✐❢ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t② ❛r❡ ✐♥❞❡❡❞ ♣❛r❛❧❧❡❧ ♦♥ ❛✈❡r❛❣❡✱
❛s ✐t s❤♦✉❧❞ ✐♥❞❡❡❞ ❜❡ ❢♦r ♣✉r❡ ♠♦❞❡ ■ ♦♣❡♥✐♥❣✳ ■♥ t❤❡ ♥❡①t ♣❛rt✱ ✇❡ s❤♦✇
❤♦✇ ~δ ♠❛② ❜❡ ❡✈❛❧✉❛t❡❞✳

❋✐❣✉r❡ ✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡❧❧✐♣t✐❝ ✐♥t❡r❝❡♣t ♦❢ ❛ ❞r✐❧❧ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛
♥♦r♠❛❧ s❤✐❢t ♦❢ ❛ ❞✐s❝♦♥t✐♥✉✐t②✳ ■♥ ✭❜✮✱ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❡❧❧✐♣t✐❝ ❜♦✉♥❞❛r②
♦❢ t❤❡ ❝♦r❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ s✐♠✐❧❛r ❢❛❝✐♥❣ ♣❛tt❡r♥s ✭s❡❡ st❡♣ ✈ ✐♥ ❋✐❣✳ ✷✮
❛r❡ ❝♦♠♣❛r❡❞✱ ❤❡♥❝❡ ~δ ✐s ♦❜t❛✐♥❡❞✳ β ✐s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♥♦r♠❛❧ t♦ t❤❡
♠❡❛♥ ♣❧❛♥❡ ♦❢ t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ❛♥❞ t❤❡ ❝♦r❡ ❛①✐s✳

✷✳✶✳✹ ◗✉❛♥t✐t❛t✐✈❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✐♥✲♣❧❛♥❡ s❤✐❢t ~δ ❜② ✐♠❛❣❡ ❝♦r✲

r❡❧❛t✐♦♥

▲❡t ✉s ❝♦♥s✐❞❡r t✇♦ s✐❞❡s ♦❢ ❛♥ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t②✱ ❛ss✉♠❡❞ t♦ ❜❡ ♣❛r❛❧❧❡❧
✐♥ s✐t✉✳ ■t ✐s ❛❧s♦ ❛ss✉♠❡❞ t❤❛t ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❜♦t❤ s✐❞❡s ❛r❡ ✈✐s✐❜❧❡✿
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t②♣✐❝❛❧❧②✱ s♦♠❡ s✐♠✐❧❛r ♣❛tt❡r♥s ✐♥ t❤❡ t♦♣♦❣r❛♣❤② ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ♦♥ ❜♦t❤
s✉r❢❛❝❡s✳ ❙♦♠❡ ♣❛tt❡r♥s ♠❛② ❛❧s♦ ❜❡ ✐❞❡♥t✐✜❡❞ ❜❡❝❛✉s❡ ♦❢ s✐♠✐❧❛r ❝♦❧♦rs
✭❧✐❦❡ ♦①✐❞✐③❡❞ ♣❛rts✮✳ ❊st✐♠❛t❡ ♦❢ t❤❡ ✐♥✲♣❧❛♥❡ s❤✐❢t ~δ ❝❛♥ ❜❡ ❞♦♥❡ ✉s✐♥❣
❡✐t❤❡r ♠❛♣s ♦❢ t❤❡ t♦♣♦❣r❛♣❤②✱ ♦r ❛♥② t♦♣ ✈✐❡✇ ✐♠❛❣❡s r❡s✉❧t✐♥❣ ❢r♦♠ ❛♥②
t❡❝❤♥✐q✉❡ ✭❧✐❦❡ ♣❤♦t♦s✮ ✇❤❡r❡ t❤❡ s✐♠✐❧❛r ♣❛tt❡r♥s t♦ ❜❡ ❝♦rr❡❧❛t❡❞ ❛r❡ ✈✐s✐❜❧❡✳
■♥ ❋✐❣✳ ✷✱ t❤❡ ♣r♦❝❡❞✉r❡ ✉s❡❞ t♦ ❞❡❞✉❝❡ δ ❢r♦♠ t❤❡ t♦♣♦❣r❛♣❤② ♠❡❛s✉r❡♠❡♥t
✐s ♣r❡s❡♥t❡❞✳ ❖♥❝❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ t♦♣♦❣r❛♣❤② ✐s ❦♥♦✇♥ ✭st❡♣ ✐✮ ✭❡✳❣✳
✉s✐♥❣ ❛ ♣r♦✜❧❡r✱ ♦r ♦t❤❡r t❡❝❤♥✐q✉❡s t❤❛t ❝❛♥ ♣r♦❞✉❝❡ s❝❛❧❡❞ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧
❞❛t❛✮✱ ❛ ❝❤❛♥❣❡ ♦❢ ❝♦♦r❞✐♥❛t❡s ✐s ❞♦♥❡✱ ♣❡r❢♦r♠✐♥❣ ❛ r♦t❛t✐♦♥ ♦❢ t❤❡ ✐♥✐t✐❛❧
❛①❡s✱ ✐♥ ♦r❞❡r t♦ ❣❡t t❤❡ s♦ ❝❛❧❧❡❞ x − y ♣❧❛♥❡ ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ♠❡❛♥ ♣❧❛♥❡
♦❢ t❤❡ s✉r❢❛❝❡ ✭❋✐❣✳ ✷✱ st❡♣ ✐✐✮✳ ❚❤❡♥ ❛ r♦t❛t✐♦♥ ♦❢ 180➦ ❛r♦✉♥❞ t❤❡ y − ❛①✐s
♦❢ ♦♥❡ ♦❢ t❤❡ s✉r❢❛❝❡s ✐s ♣❡r❢♦r♠❡❞ ✭❋✐❣✳ ✷✱ st❡♣ ✐✐✐✮✳ ❚❤❡♥ ✐t ✐s ❛ss✉♠❡❞
t❤❛t ♦♥❧② ❛ ✶❉ r♦t❛t✐♦♥ ❛r♦✉♥❞ t❤❡ z − ❛①✐s ❛♥❞ ❛ ✷❉ tr❛♥s❧❛t✐♦♥ ♦❢ t❤❡ t♦♣
s✉r❢❛❝❡ ❛①❡s ✭❋✐❣✳ ✷✱ st❡♣ ✐✈✮ ❛r❡ r❡q✉✐r❡❞ t♦ ♣♦s✐t✐♦♥ t❤❡ ❢❛❝✐♥❣ ❛s♣❡r✐t✐❡s ❛t
t❤❡ s❛♠❡ ❝♦♦r❞✐♥❛t❡s✳ ❚❤✐s ✷❉ tr❛♥s❢♦r♠❛t✐♦♥ ❝❛♥ t❤❡♦r❡t✐❝❛❧❧② ❜❡ ♦❜t❛✐♥❡❞
✐♥ s❡✈❡r❛❧ ✇❛②s✿ ❡✐t❤❡r ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ ✈♦❧✉♠❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ s✐♠✐❧❛r
③♦♥❡s✱ ♦r ✐♥t❡r ❝♦rr❡❧❛t✐♦♥ ✭❡✳❣✳ ❇r♦✇♥ ✭✶✾✾✷✮❀ ❲✐❧s♦♥ ❛♥❞ ❚❤❡r✐♦t ✭✷✵✵✻✮✮
♦❢ ✐♠❛❣❡s ♦r s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ ✐❢ ❜♦t❤ s✉r❢❛❝❡s ❛r❡ ♥♦t s✐♠✐❧❛r
❡♥♦✉❣❤✱ ✇✐t❤ ♣♦ss✐❜❧❡ ♦✉t❧✐❡rs ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥t✱ ✇❡ ❤❛✈❡ ❢♦✉♥❞ t❤❛t t❤❡
✈♦❧✉♠❡ ♠✐♥✐♠✐③❛t✐♦♥ ♠❡t❤♦❞ ✇❛s ♥♦t r❡❧✐❛❜❧❡ ✭✐✳❡✳ ❝❧❡❛r ♠✐s♠❛t❝❤ ♦❢ t❤❡
❢❛❝✐♥❣ ♣❛tt❡r♥s✮✳ ❆ s✐♠♣❧❡ ♠❡t❤♦❞ t♦ ✐♠♣❧❡♠❡♥t ✐s t♦ ✐♥s♣❡❝t ✈✐s✉❛❧❧② ❜♦t❤
♠❛♣s ♦❢ ❡❧❡✈❛t✐♦♥ ❛s ✐♠❛❣❡s ❛♥❞ t♦ s❡❧❡❝t N ♣❛✐rs ♦❢ ♣♦✐♥ts ♦❢ ❝♦♦r❞✐♥❛t❡s
(

xB
i , yB

i

)

❛♥❞
(

xT
i , yT

i

)

✭♦♥❡ ❢r♦♠ ❡❛❝❤ ✐♠❛❣❡✮✱ t❤❛t ❛r❡ ❝♦♥✜❞❡♥t❧② ✐❞❡♥t✐✜❡❞
❛s ❝♦rr❡s♣♦♥❞✐♥❣ ♣♦✐♥ts ♦❢ t✇♦ ❤♦♠♦❧♦❣♦✉s ❛s♣❡r✐t✐❡s✳ ❚❤❡ ✐s♦♠❡tr② Ω t♦ ❜❡
❛♣♣❧✐❡❞ ✐s ❞❡t❡r♠✐♥❡❞ ❜② ❛ ❧❡❛st sq✉❛r❡ ♠✐♥✐♠✐③❛t✐♦♥✱ ✐✳❡✳ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢
∑N

i=1

[

√

(

xB
i − xT ′

i

)2
+

(

yB
i − yT ′

i

)2

]

✇❤❡r❡
(

xT ′

i , yT ′

i

)

= Ω
(

xT
i , yT

i

)

✳ ❚❤❡♥✱

t❤❡ ✐♥✲♣❧❛♥❡ ♣r♦❥❡❝t✐♦♥ ♦❢ t❤❡ ✐♥t❡r❝❡♣t ❜❡t✇❡❡♥ t❤❡ ❝♦r❡ ❛♥ t❤❡ ❞✐s❝♦♥t✐♥✉✐t②
❛r❡ ❛❝t✉❛❧❧② ✜tt❡❞ ✇✐t❤ ❛♥ ✐❞❡♥t✐❝❛❧ ❡❧❧✐♣s❡ ❢♦r ❜♦t❤ s✐❞❡s ✭❋✐❣✳ ✷✱ st❡♣ ✈✮✳
❖♥❝❡ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ♠❛❞❡✱ ❡❛❝❤ t♦♣ ❛♥❞ ❜♦tt♦♠ ❝♦rr❡s♣♦♥❞✐♥❣ ♣♦✐♥t
♦❢ t❤❡ ❡❧❧✐♣t✐❝ ❜♦✉♥❞❛r✐❡s ✐s s❤✐❢t❡❞ ♦❢ ~δ✳ ❇② ❝♦♠♣❛r✐♥❣ t❤❡ ♣♦s✐t✐♦♥s ♦❢ ❜♦t❤
✜tt❡❞ ❡❧❧✐♣s❡s✱ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ ✜❡❧❞ ~δ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞
❛♥❞✱ ✐❢ ✐t ✐s ✉♥✐❢♦r♠ ✭❝♦rr❡s♣♦♥❞✐♥❣ t❤❡r❡❢♦r❡ t♦ ❛ r❡❧❛t✐✈❡ tr❛♥s❧❛t✐♦♥ ♦❢ t❤❡
s✐❞❡s ✇✐t❤♦✉t r♦t❛t✐♦♥✮✱ t❤❡ ✐♥✲♣❧❛♥❡ s❤✐❢t δ ✐s ♦❜t❛✐♥❡❞✳
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❋✐❣✉r❡ ✷✿ ❚❤❡ ❞✐s♣❧❛❝❡♠❡♥t ✐s ❛ss✉♠❡❞ ❤❡r❡ t♦ ❜❡ ♥♦r♠❛❧ t♦ t❤❡ ♠❡❛♥ ♣❧❛♥❡ ♦❢
t❤❡ ❞✐s❝♦♥t✐♥✉✐t②✳ ❚❤❡ ❞✐❛❣r❛♠ s❤♦✇s t❤❡ ♠❛❥♦r ✜✈❡ st❡♣s ♦❢ t❤❡ ♣r♦❝❡ss✐♥❣✳
✐✿ ▼❡❛s✉r❡♠❡♥t ♦❢ t❤❡ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤✐❡s✳ ✐✐✿ ❉❡tr❡♥❞✐♥❣ ❜② r♦t❛t✐♦♥ ♦❢
t❤❡ s✉r❢❛❝❡s❀ ❛❢t❡r t❤✐s r♦t❛t✐♦♥✱ t❤❡ ♠❡❛♥ s✉r❢❛❝❡ ♣❧❛♥❡✱ ❝♦♠♣✉t❡❞ ❜② ❛ ❧❡❛st
♠❡❛♥ sq✉❛r❡ ♠❡t❤♦❞✱ ❞❡✜♥❡s t❤❡ (x, y) ♣❧❛♥❡✳ ✐✐✐✿ ❘♦t❛t✐♦♥ ♦❢ 180➦ ♦❢ t❤❡ t♦♣
s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡ y−❛①✐s✳ ✐✈✿ ❆s♣❡r✐t② ❝♦rr❡❧❛t✐♦♥ ❛♥❞ ❧✐♥❡❛r tr❛♥s❢♦r♠❛t✐♦♥
✭✐♥✲♣❧❛♥❡ r♦t❛t✐♦♥ ❛♥❞ tr❛♥s❧❛t✐♦♥✮ t♦ ❛❞❥✉st t❤❡ t✇♦ s✐❞❡s ♦♥❡ ❛❣❛✐♥st t❤❡
♦t❤❡r❀ t❤✐s st❡♣ r❡q✉✐r❡s s✐♠✐❧❛r✐t✐❡s ❜❡t✇❡❡♥ ❜♦t❤ s✐❞❡s✳ ✈✿ ❋✐t ♦❢ t❤❡ ❡❧❧✐♣t✐❝
❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ s❛♠♣❧❡ ❝♦r❡s✳ ■♥ t❤✐s ♣r♦❝❡ss✐♥❣✱ t❤❡ ♠❡❛♥ ♣❧❛♥❡s ♦❢ ❡❛❝❤
❞✐s❝♦♥t✐♥✉✐t② s✐❞❡s ✇❡r❡ ❛ss✉♠❡❞ t♦ ❜❡ ✐♥✐t✐❛❧❧② ♣❛r❛❧❧❡❧✱ ❧✐❦❡ ✐t ✐s t❤❡ ❝❛s❡ ❢♦r
❋✾✳

✷✳✶✳✺ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞ t♦ ❛ r❡❛❧ ❞✐s❝♦♥t✐♥✉✐t② ❢r♦♠ ❉r❛✐①

❜♦r❡❤♦❧❡

❚❤❡ ♥❛t✉r❛❧ ❞✐s❝♦♥t✐♥✉✐t② ✇❤✐❝❤ ✐s st✉❞✐❡❞ ❤❡r❡ ✐s t❤❡ ♦♥❡ ❝❛❧❧❡❞ ❋✾✱ ❡①tr❛❝t❡❞
❢r♦♠ ❛ ❞r✐❧❧ ✐♥ ♠❛r❧ ❛t ❉r❛✐① ✭❋r❡♥❝❤ ❆❧♣s✮ ✭s❡❡ ♣❛♣❡r ✶✮✳ ❋✾ ✐s ❛♥ ♦♣❡♥
❞✐s❝♦♥t✐♥✉✐t② ✐♥ t❤❡ s❡♥s❡ t❤❛t ♥♦ ✐♥✜❧❧ ♠❛t❡r✐❛❧ ✇❛s ♦❜s❡r✈❡❞ ❛♥❞ ♥♦ ❝♦♥t❛❝t
③♦♥❡ ❜❡t✇❡❡♥ t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ♣❛rts ♦❢ t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ✐s ❦♥♦✇♥ ❛t t❤❡
❝♦r❡ s❝❛❧❡✳
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❋✐❣✉r❡ ✸✿ ▲❡❢t✿ P♦✐♥ts s❡❧❡❝t❡❞ ♦♥ t❤❡ ❜♦tt♦♠ s✉r❢❛❝❡ ♦❢ ❋✾✳ P♦✐♥ts ❝♦rr❡✲
s♣♦♥❞✐♥❣ t♦ t❤❡ s✐♠✐❧❛r ❛s♣❡r✐t✐❡s ✇❡r❡ ❛❧s♦ s❡❧❡❝t❡❞ ♦♥ t❤❡ ❋✾ t♦♣ s✉r❢❛❝❡✳
❯s✐♥❣ t❤❡s❡ ♣♦✐♥ts✱ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ✇❛s ❞♦♥❡ ✐♥ ♦r❞❡r t♦ ♣♦s✐t✐♦♥❡ ❜♦t❤ s✉r✲
❢❛❝❡s r❡❧❛t✐✈❡❧② t♦ ♦♥❡ ❛♥♦t❤❡r✳ ▼✐❞❞❧❡✿ ❚♦♣♦❣r❛♣❤② ♦❢ ❜♦t❤ s✐❞❡s ♦❢ t❤❡
❞✐s❝♦♥t✐♥✉✐t② ❋✾✳ ❈♦♠♣♦s✐t❡ ♣✐❝t✉r❡ ❢♦r♠❡❞ ♦❢ t✇♦ ♣❛rts✿ t♦♣♦❣r❛♣❤② ♦❢ t❤❡
❜♦tt♦♠ s✐❞❡ s❤♦✇♥ ♦♥ t❤❡ t♦♣ ❧❡❢t✱ t♦♣♦❣r❛♣❤② ♦❢ t♦♣ s✐❞❡ ♦♥ t❤❡ ❜♦tt♦♠
r✐❣❤t✱ ♣♦s✐t✐♦♥❡❞ ❜② ♠❛①✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss ❝♦rr❡❧❛t✐♦♥s✳ ■t s❤♦✇s t❤❛t
s✐♠✐❧❛r ♣❛tt❡r♥s ❛r❡ ❛t t❤❡ s❛♠❡ ❝♦♦r❞✐♥❛t❡s ✇❤✐❧❡ t❤❡ ❡❧❧✐♣s❡s ✜tt✐♥❣ ❜♦t❤
❡❧❧✐♣t✐❝❛❧ ❜♦✉♥❞❛r✐❡s ❛r❡ s❤✐❢t❡❞ ❜② ~δ✳ ❘✐❣❤t✿ ❇❧♦✇ ✉♣ ✭❛✮ ❛♥❞ ✭❜✮ s❤♦✇ t❤❛t
~δ ✐s ❛♣♣r♦①✐♠❛t✐✈❡❧② ❤♦♠♦❣❡♥❡♦✉s✳

❚❤❡ t♦♣♦❣r❛♣❤② ♦❢ ❜♦t❤ s✐❞❡s ♦❢ ❋✾ ✐s ❦♥♦✇♥ ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇✐t❤
❛♥ ♦♣t✐❝❛❧ ♣r♦✜❧❡r ✭♣❛♣❡r ✶✮✳ ❆❝t✉❛❧❧②✱ ❋✾ s❤♦✇s ✈❡r② s✐♠✐❧❛r t♦♣ ❛♥❞ ❜♦tt♦♠
s✉r❢❛❝❡s✳ ❖♥❝❡ st❡♣ ✐✐ ❛♥❞ ✐✐✐ ❛r❡ ♣❡r❢♦r♠❡❞✱ ♦♥❡ s❡❛r❝❤❡s t❤❡ ❜❡st tr❛♥s❢♦r✲
♠❛t✐♦♥ t♦ ❜❡ ❛♣♣❧✐❡❞ s♦ t❤❛t s✐♠✐❧❛r ♣❛tt❡r♥ ❛r❡ ❢❛❝✐♥❣✳❚❤❡ tr❛♥s❢♦r♠❛t✐♦♥
♦❜t❛✐♥❡❞ ❜② s❡❧❡❝t✐♥❣ ♣❛✐rs ♦❢ ♣♦✐♥ts ✭❋✐❣✳ ✮ ♣r♦✈✐❞❡❞ ❛ ❣♦♦❞ ♠❛t❝❤ ♦❢ t❤❡
s✐♠✐❧❛r ♣❛tt❡r♥s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳ ❚❤❡ ❡❧❧✐♣t✐❝❛❧ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ s✉r❢❛❝❡s
❝❛♥ ✐♥❞❡❡❞ ❜❡ ✜tt❡❞ ✇✐t❤ ❛♥ ❡❧❧✐♣s❡ ♦❢ ✐❞❡♥t✐❝❛❧ s✐③❡ ❢♦r t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠
s✐❞❡s✱ ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t ❝❡♥t❡r ❛♥❞ ♦r✐❡♥t❛t✐♦♥✳ ❈♦♠♣❛r✐♥❣ t❤❡ ♣♦s✐t✐♦♥ ♦❢
t❤♦s❡ ❡❧❧✐♣s❡s ♦♥❝❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❛tt❡r♥s ♠❛t❝❤✱ ✐t ✇❛s ❢♦✉♥❞ t❤❛t t❤❡
tr❛♥s❢♦r♠❛t✐♦♥ t♦ ❜❡ ❛♣♣❧✐❡❞ t♦ tr❛♥s❢♦r♠ ♦♥❡ ♦❢ t❤❡ ❡❧❧✐♣s❡ t♦ t❤❡ ♦t❤❡r ✇❛s
♠♦st❧② ❛ tr❛♥s❧❛t✐♦♥ ❛♥❞ ❛ ♥❡❣❧✐❣✐❜❧❡ r♦t❛t✐♦♥✿ ~δ ✐s ❛♣♣r♦①✐♠❛t✐✈❡❧② ✉♥✐❢♦r♠✳
❚❤❡ tr❛♥s❧❛t✐♦♥ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛s ❡q✉❛❧ t♦ δ = 2.085 ± 0.05 ♠♠✳

❆s ♥♦ str✐❛t✐♦♥ ✇❛s s❡❡♥ ♦♥ t❤❡ s✉r❢❛❝❡s✱ ✐t ✇❛s ❞❡❞✉❝❡❞ t❤❛t ❢r❛❝t✉r❡s
♦♣❡♥❡❞ ✐♥ ♠♦❞❡ ■✱ ✇✐t❤ ❛ ❞✐s♣❧❛❝❡♠❡♥t ♥♦r♠❛❧ t♦ t❤❡ ❢r❛❝t✉r❡ ♣❧❛♥❡✳ ❚❤✐s
♠♦❞❡ ✐s ❝♦❤❡r❡♥t ✇✐t❤ ❛ ❢r❛❝t✉r✐♥❣ ❞✉❡ t♦ ❛ ♣♦r❡ ♣r❡ss✉r❡ ✐♥❝r❡❛s❡ ✭❤②❞r❛✉❧✐❝
❢r❛❝t✉r✐♥❣✮✳ ▼❛♥② ♦t❤❡r ♠❡❝❤❛♥✐s♠s ❝❛♥ ❛❧s♦ ❧❡❛❞ t♦ s✉❝❤ t❡♥s✐❧❡ ❢r❛❝t✉r❡s✱
❛s ❧♦❝❛❧ ❝♦♥tr❛❝t✐♦♥ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ❞✉❡ ❡✳❣✳ t♦ t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡✱ ❞r②✐♥❣✱
❝❤❡♠✐❝❛❧ ❝❤❛♥❣❡✳ ❚❤❡ ♦①✐❞❛t✐♦♥ s❤♦✇s t❤❛t ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ❝❛✉s❡ ♦❢ t❤❡
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❢r❛❝t✉r❡✱ ✇❛t❡r ❝✐r❝✉❧❛t❡❞ ✐♥ ✐t ❛❢t❡r ✐ts ❝r❡❛t✐♦♥✳ ❚❤❡ ❛♥❣❧❡ β ✇❛s ♠❡❛s✉r❡❞
❛s β = 42➦✱ ✇❤✐❝❤ ✐♠♣❧✐❡s AF9

= δ/ tan β ≃ 2.3 ± 0.1 ♠♠✳
❚❤❡ ✜♥❛❧ st❡♣ ✐s t♦ r❡❝♦♥str✉❝t t❤❡ ✈♦❧✉♠❡tr✐❝ ❛♣❡rt✉r❡✱ ❦♥♦✇✐♥❣ t❤❡

❛✈❡r❛❣❡ ❛♣❡rt✉r❡✱ ❛s ✇❡❧❧ ❛s t❤❡ ✢✉❝t✉❛t✐♦♥ ♦❢ ❜♦t❤ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥s ❛r♦✉♥❞
t❤❡✐r ♠❡❛♥ ♣❧❛♥❡✳ ❍❡♥❝❡ ❜♦t❤ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥s ❛r❡ ✐♥t❡r♣♦❧❛t❡❞ ♦♥ t❤❡ s❛♠❡
(x−y) ❣r✐❞ ✭✉s✐♥❣ tr❛♥s❢♦r♠❡❞ ❝♦♦r❞✐♥❛t❡s✱ ❛❢t❡r st❡♣s ✐ t♦ ✐✐✐ s❤♦✇♥ ✐♥ ❋✐❣ ✷
❛r❡ ♣❡r❢♦r♠❡❞✮ ❛♥❞ ✜♥❛❧❧② t❤❡ ❞❡t❛✐❧❡❞ ❛♣❡rt✉r❡ ✜❡❧❞ ♦❢ ❋✾ s❤♦✇♥ ✐♥ ❋✐❣✳ ✹
✐s ♦❜t❛✐♥❡❞✳ ■♥ t❤✐s ✜❣✉r❡✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❛♣❡rt✉r❡ ✐♥ t❤❡ ❝❡♥tr❛❧
③♦♥❡ ✐s ❛❜♦✉t 0.2 ♠♠ ❧❛r❣❡r t❤❛♥ ♦♥ t❤❡ ❜♦r❞❡r ♦❢ t❤❡ ❝♦r❡✱ ❛♥❞ t❤❛t s♦♠❡
s♠❛❧❧ ③♦♥❡s ♦❢ ❛❜♦✉t 3 ♠♠3 s❤♦✇ ❛ ❧♦❝❛❧❧② ❧❛r❣❡r ❛♣❡rt✉r❡ t❤❛♥ t❤❡ ♦♥❡ ✐♥
t❤❡ s✉rr♦✉♥❞✐♥❣s✳

❋✐❣✉r❡ ✹✿ ❆♣❡rt✉r❡ ♦❢ ❞✐s❝♦♥t✐♥✉✐t② ❋✾ ✐ss✉❡❞ ❢r♦♠ t❤❡ ❧❛s❡r ♣r♦✜❧❡r t♦♣♦❣✲
r❛♣❤② ♠❡❛s✉r❡♠❡♥t ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ❢r♦♠ ✐♠❛❣❡ ❝♦rr❡❧❛t✐♦♥✳ ❯♥✐ts ❛r❡ ✐♥
♠♠✳

✷✳✷ ❘❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ t❤✐❝❦♥❡ss ♦❢ ❛ s❡❛❧❡❞ ❞✐s❝♦♥✲

t✐♥✉✐t②

❋♦r ❛ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t②✱ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ✐s♦❧❛t❡❞ ❢r♦♠ t❤❡ ♠❛tr✐①✱ t❤❡
❛♣❡rt✉r❡ ❝❛♥ ❜❡ ✈✐s✉❛❧❧② ❛♣♣r❡❝✐❛t❡❞✱ ❜✉t r❡♠❛✐♥s t♦ ❜❡ ❢✉❧❧② q✉❛♥t✐✜❡❞✳
❚❤✐s ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ❡❧❡✈❛t✐♦♥ ♦♥ ❡❛❝❤ s✐❞❡ ♦❢ t❤❡ s❛♠♣❧❡✱
s♦ ❛s t♦ ❞❡❞✉❝❡ ✐ts t❤✐❝❦♥❡ss ❜② ❛♣♣r♦♣r✐❛t❡ tr❛♥s❢♦r♠❛t✐♦♥s ✭❋✐❣✳ ✺✮✳ ❆
❝r✐t✐❝❛❧ ❝♦♥❞✐t✐♦♥ ❢♦r s✉❝❤ ❛ ♣r♦❝❡❞✉r❡ t♦ ♣r♦✈✐❞❡ ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts ✐s t❤❛t
❜♦t❤ t♦♣♦❣r❛♣❤② ♠❡❛s✉r❡♠❡♥ts s❤❛r❡ ❛ ❝♦♠♠♦♥ r❡❢❡r❡♥❝❡ ❢r❛♠❡✱ ✇❤✐❝❤ ♠❛②
❜❡ ❛❞❡q✉❛t❡❧② ❞♦♥❡ ❜② ✇❡❞❣✐♥❣ t❤❡ ✈❡✐♥ ✐♥t♦ ❛ r✐❣✐❞ ❜♦① ♦❢ ❦♥♦✇♥ ❣❡♦♠❡tr②
✭❋✐❣s✳ ✺✱ ✻ ♦❢ t❤✐s ♣❛♣❡r ❛♥❞ ❋✐❣✳ ✻ ✐♥ ♣❛♣❡r ✶✮✳ ❋✐rst✱ t❤❡ t♦♣♦❣r❛♣❤②
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♦❢ ♦♥❡ s✉r❢❛❝❡ ✭❝❛❧❧❡❞ t♦♣✱ s❛②✮ ✐s ❞❡t❡r♠✐♥❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❜♦✉♥❞❛r✐❡s
♦❢ t❤❡ ❜♦① ✭A1 B1 C1 D1✮✳ ❙❡❝♦♥❞✱ t❤❡ ❜♦① ✐s ✢✐♣♣❡❞ ✉♣s✐❞❡ ❞♦✇♥ ❛♥❞
t❤❡ t♦♣♦❣r❛♣❤② ♦❢ t❤❡ ♦t❤❡r s✉r❢❛❝❡ ✭❜♦tt♦♠✮ ✐s s✐♠✐❧❛r❧② ♠❡❛s✉r❡❞✳ ■t ✐s
t❤❡♥ ♣♦ss✐❜❧❡ t♦ tr❛♥s❢♦r♠ ❝♦♦r❞✐♥❛t❡s ❢r♦♠ t❤❡ ❣❧♦❜❛❧ ❢r❛♠❡ ✕ ❣✐✈❡♥ ❜② t❤❡
♣r♦✜❧❡r ✕ t♦ t❤❡ ❧♦❝❛❧ ❢r❛♠❡s R1 ❛♥❞ R2✱ ✇❤✐❝❤ ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤✱ t❤❡
t♦♣ ❛♥❞ ❜♦tt♦♠ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ❜♦①✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣s✳ ✺ ❛♥❞ ✻✳ ❚♦ ❞♦
s♦✱ ❛ ♣r❡❝✐s❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❜♦① ❣❡♦♠❡tr② ✐s ❛❧s♦ ♠❛♥❞❛t♦r②✳ ❚❤❡ ✉s❡ ♦❢
❛ r❡❝t❛♥❣✉❧❛r ♣❛r❛❧❧❡❧❡♣✐♣❡❞ ❜♦① ❣r❡❛t❧② ❡❛s❡s t❤✐s ♣r♦❝❡❞✉r❡ ✭s❡❡ ♣r❛❝t✐❝❛❧
♣r♦t♦❝♦❧ ✐♥ ❆♣♣❡♥❞✐① ✻✮✳ ❖♥❝❡ t❤❡ t♦♣♦❣r❛♣❤② ✐s ❦♥♦✇♥ ✐♥ ❢r❛♠❡s R1 ❛♥❞
R2✱ ❛s ✇❡❧❧ ❛s t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥ ♦❢ ❜♦t❤ t❤❡s❡ ❢r❛♠❡✱ t❤❡ ❛♣❡rt✉r❡ ❝❛♥
✜♥❛❧❧② ❜❡ ♦❜t❛✐♥❡❞✳

❚❤✐s ♣r♦❝❡❞✉r❡ ✇❛s ❛♣♣❧✐❡❞ t♦ ❛ ♥❛t✉r❛❧ ❞✐s❝♦♥t✐♥✉✐t②✱ ❝❛❧❧❡❞ ❈✶✹ ✐♥ ♣❛✲
♣❡r ✶✱ ❡①tr❛❝t❡❞ ❢r♦♠ ❛ ❞r✐❧❧ ❛t ❉r❛✐① ✭❋r❡♥❝❤ ❆❧♣s✮✳ ❈✶✹ r❡❢❡rs t♦ ❛ ❞✐s❝♦♥t✐✲
♥✉✐t② s❡❛❧❡❞ ✇✐t❤ ❝❛❧❝✐t❡✱ ✐♥✲s✐t✉ ❡♠❜❡❞❞❡❞ ✐♥t♦ ♠❛r❧✱ ✇❤✐❝❤ ✇❛s st✉❞✐❡❞ ❛❢t❡r
r❡♠♦✈✐♥❣ t❤❡ s✉rr♦✉♥❞✐♥❣ ❜✉❧❦ ♠❛r❧✳ ❚❤✐s ❞✐s❝♦♥t✐♥✉✐t② ✇❛s t❤❡♥ ✇❡❞❣❡❞ ✐♥
❛ ❜♦①✱ ❛♥❞ t❤❡ t♦♣♦❣r❛♣❤② ♦❢ ❡❛❝❤ s✐❞❡ ✇❛s ♠❡❛s✉r❡❞ ✇✐t❤ ❛♥ ♦♣t✐❝❛❧ ♣r♦✜❧❡r
✭❋✐❣✳ ✻ ✐♥ ♣❛♣❡r ✶✮✱ ❛❧❧♦✇✐♥❣ t♦ r❡❝♦♥str✉❝t ✐ts t❤✐❝❦♥❡ss ❣❡♦♠❡tr②✱ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✼✳

❋✐❣✉r❡ ✺✿ ❙❝❤❡♠❛t✐❝ s✐❞❡ ✈✐❡✇ ♦❢ t❤❡ s❛♠♣❧❡✳ ❇② ♠❡❛s✉r✐♥❣ t❤❡ t♦♣♦❣r❛♣❤②
♦❢ ❜♦t❤ s✉r❢❛❝❡s✱ ✐ts t❤✐❝❦♥❡ss ❝❛♥ ❜❡ ❞❡❞✉❝❡❞✱ s❡❡ t❡①t ❢♦r ❞❡t❛✐❧s✳

❋✐❣✉r❡ ✻✿ ❉r❛✇✐♥❣ ♦❢ ❛ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t② ✇❡❞❣❡❞ ✐♥ ❛ r✐❣✐❞ ❢r❛♠❡ ✭❜♦①✮✳
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❚❤❡ ❡rr♦r ♦❢ t❤❡ ✐♥✲♣❧❛♥❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥✐♥❣ ❜❡t✇❡❡♥ ❢r❛♠❡s R1 ❛♥❞
R2 ❛♥❞ tr❛♥s❧❛t❡s ✐♥t♦ ❛♥ ❡rr♦r ♦♥ t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ❛♣❡rt✉r❡✱ ✇❤✐❝❤ ❤❛s
❜❡❡♥ ❡st✐♠❛t❡❞ ❜② t✇♦ ✐♥❞❡♣❡♥❞❡♥t r❡❝♦♥str✉❝t✐♦♥s✳ ❚❤✐s ❡rr♦r ✐s ♦♥ ❛✈❡r✲
❛❣❡ 0.2 ♠♠✱ ❛♥❞ ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ s❧♦♣❡✳ ▼♦st ♦❢ t❤❡ ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡
❛♣❡rt✉r❡ ❝♦♠❡s ❢r♦♠ t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ❜♦① ♥♦t ❜❡✐♥❣ ❡①❛❝t❧② r✐❣✐❞ ❛♥❞
♦rt❤♦❣♦♥❛❧✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞ ❜② ✉s✐♥❣ ❛ ❜♦① ❞❡s✐❣♥❡❞ ❜❡tt❡r t❤❛♥ ❢♦r
t❤✐s ❡①♣❧♦r❛t♦r② t❡st✳

❋✐❣✉r❡ ✼✿ ❘❡❝♦♥str✉❝t❡❞ ❛♣❡rt✉r❡ ✜❡❧❞ ♦❢ ❈✶✹✳ ❯♥✐ts ❛r❡ ✐♥ ♠♠✳

✸ ❙t❛t✐st✐❝❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❛♣❡rt✉r❡s

✸✳✶ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❛♣❡rt✉r❡ ♠♦r♣❤♦❧♦❣② ♦❢ ❛♥

♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t②

❚❤❡ ❛♣❡rt✉r❡ ✜❡❧❞ ♦❢ ❋✾ r❛♥❣❡s ❜❡t✇❡❡♥ 2 ♠♠ ❛♥❞ 3 ♠♠ ✭❋✐❣✳ ✹✮✳ ■ts
♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t② ❢✉♥❝t✐♦♥ ✭❋✐❣✳ ✽✱ ❊✮ ✐s ❛♣♣r♦①✐♠❛t❡❧② ♥♦r♠❛❧ ✭❋✐❣✳ ✽✱ ❋✮
✇✐t❤ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✵✽ ♠♠ ❛r♦✉♥❞ t❤❡ ♠❡❛♥ ❛♣❡rt✉r❡ A = 2.3 ♠♠✳
❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❛♣❡rt✉r❡ ✐s ❛❜♦✉t ✜✈❡ t✐♠❡s ❧♦✇❡r t❤❛♥ t❤❡
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❡❧❡✈❛t✐♦♥ ♦❢ ❡❛❝❤ s✐❞❡✱ ✇❤✐❝❤ ✐s 0.4 ♠♠ ✭♣❛♣❡r ✶✱
r❡❝❛❧❧❡❞ ✐♥ ❋✐❣✳ ✽✱ ❆✱ ❇✱ ❈✱ ❉✮✳ ❚❤✐s r❡s✉❧ts ❛❧r❡❛❞② s❤♦✇s t❤❛t t❤❡ s✉r❢❛❝❡
t♦♣♦❣r❛♣❤✐❡s ❛r❡ ❤✐❣❤❧② ❝♦rr❡❧❛t❡❞✳ ❋✉rt❤❡r ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ t♦♣ ❛♥❞
❜♦tt♦♠ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤✐❡s ✐s ❞♦♥❡ ❜② ❛♥❛❧②③✐♥❣ t❤❡✐r s❝❛❧✐♥❣ ♣r♦♣❡rt✐❡s✳

✶✶



❋✐❣✉r❡ ✽✿ Pr♦❜❛❜✐❧✐t② ❞❡♥s✐t② ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❡❧❡✈❛t✐♦♥ ♦❢ t❤❡ ❜♦tt♦♠ ✭❆✮ ❛♥❞
t♦♣ s✐❞❡s ✭❈✮✱ ❛♥❞ ❛♣❡rt✉r❡ ✭❊✮ ♦❢ ❋✾✱ ❛♥❞ t❤❡✐r ♥♦r♠❛❧ ♣r♦❜❛❜✐❧✐t② ✜ts ✭❇✱
❉✱ ❋✮✳ ❋♦r ❆✱ ❇✱ ❈✱ ❉✱ ♠❡❛♥ ✈❛❧✉❡ ✐s 0 ♠♠ ❛♥❞ ❘▼❙ ✭❘♦♦t ▼❡❛♥ ❙q✉❛r❡✮ ✐s
❛❜♦✉t 0.4 ♠♠✳ ❋♦r ❊✱ ❋✱ ♠❡❛♥ ✈❛❧✉❡ ✐s 2.3 ♠♠ ❛♥❞ ❘▼❙ ✐s ❛❜♦✉t 0.08 ♠♠✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r t❤❡ ♣❧♦ts ❆✱ ❇✱ ❈✱ ❉ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ♣❛♣❡r ✶✳

❚❤❡ s❝❛❧✐♥❣ ❧❛✇ ♦❢ t❤❡ ❛♣❡rt✉r❡ ❤❛s ❜❡❡♥ ❞❡t❡r♠✐♥❡❞ ❡①❛❝t❧② ✇✐t❤ t❤❡
s❛♠❡ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ❡①♣r❡ss✐♦♥ ❛s ❢♦r t❤❡ t♦♣♦❣r❛♣❤✐❡s ✭s❡❡ ♣❛♣❡r ✶✱ s❡❝t✐♦♥
✺✮✱

C2

(

~∆
)

=

√

〈

[

f
(−−→
OM + ~∆

)

− f
(−−→
OM

)]2
〉

, ✭✶✮

✇❤❡r❡ f ✐s t❤❡ ❢✉♥❝t✐♦♥ t♦ ❜❡ ❛♥❛❧②③❡❞ ✭❤❡r❡✱ t❤❡ ❛♣❡rt✉r❡✮✱ ~∆ (∆x, ∆y) t❤❡
❧❛❣ ✈❡❝t♦r ✭✐✳❡✳ ❝❤❛r❛❝t❡r✐st✐❝ ❞✐st❛♥❝❡ ❛t ✇❤✐❝❤ t❤❡ ❝♦rr❡❧❛t✐♦♥ ✐s ❝♦♠♣✉t❡❞✮✱
〈〉 ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❛✈❡r❛❣❡ ✐s ❝♦♠♣✉t❡❞ ♦✈❡r ❛❧❧ t❤❡ ♣♦ss✐❜❧❡ s♣❛t✐❛❧ ♣♦✐♥ts

M s♦ t❤❛t z
(−−→
OM

)

❛♥❞ z
(−−→
OM + ~∆

)

❛r❡ ❞❡✜♥❡❞✱ ❛♥❞ ∆0 ✐s ❤❡r❡ ❝❤♦s❡♥ t♦

❜❡ 1 ♠♠✳ ❚❤❡ s❡❧❢✲❛✣♥✐t② ✇❛s ❝❤❡❝❦❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ✐♥ ♣❛♣❡r ✶✱ ✐✳❡✳ ❜②
♣❧♦tt✐♥❣ C2 (∆) ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ∆ ✐♥ ❛ ❧♦❣✲❧♦❣ r❡♣r❡s❡♥t❛t✐♦♥✿ ✐❢ s✉❝❤ ❛ ♣❧♦t
✐s ❧✐♥❡❛r✱ t❤❡ s❧♦♣❡ ♣r♦✈✐❞❡s ❛ ❞✐r❡❝t ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❍✉rst ❡①♣♦♥❡♥t✳
❚❤✐s ❤❛s ❜❡❡♥ ♣❧♦tt❡❞ ✐♥ ✶❉ ✭❋✐❣✳ ✾✮✱ ❢♦r ❣✐✈❡♥ ❞✐r❡❝t✐♦♥s θ✱ ❞❡✜♥❡❞ ❛s t❤❡

✶✷



❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ x−❛①✐s ❛♥❞ ~∆✱ ❛♥❞ ✐♥ ✷❉ ✭❋✐❣✳ ✶✵✮✱ ✐♥ ♦r❞❡r t♦ ❝❤❡❝❦ t❤❡
✐s♦tr♦♣② ♦❢ t❤❡ s❝❛❧✐♥❣ ❧❛✇✳ ❋✐❣✉r❡ ✾ s❤♦✇s t❤❛t t❤❡ s❝❛❧✐♥❣ ❧❛✇ ♣r♦♣❡rt② ♦❢
t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ❛♣❡rt✉r❡✱ ♣❧♦tt❡❞ ❢♦r t✇♦ ❞✐r❡❝t✐♦♥s✱ ✐s r❛t❤❡r ❞✐✛❡r❡♥t ❢r♦♠
t❤❛t ♦❢ ❡❛❝❤ s✐❞❡✱ ✇❤♦s❡ s❝❛❧✐♥❣ ❝✉r✈❡s ✭❆✱ ❇✱ ❈✱ ❉✮ ❛r❡ r❡❝❛❧❧❡❞ ❢♦r ❝♦♠✲
♣❛r✐s♦♥✳ ❲❤✐❧❡ t❤♦s❡ ✇❡r❡ ♦❜s❡r✈❡❞ t♦ ❜❡ s❡❧❢✲❛✣♥❡ ❛t ❧❡❛st ❢r♦♠ ✵✳✵✹ ♠♠
t♦ ✼ ♠♠ ✭♣❛♣❡r ✶✮✱ t❤❡ ❛♣❡rt✉r❡ ✭❊✱ ❋✮ ❡①❤✐❜✐ts ❛ s❡❧❢✲❛✣♥❡ ♣r♦♣❡rt② ♦♥❧②
♦♥ ❛ ✈❡r② s❤♦rt r❛♥❣❡ ♦❢ s❝❛❧❡s ✭❢r♦♠ 0.04 ♠♠ t♦ 0.8 ♠♠✮✳ ❆t ❧❛r❣❡r s❝❛❧❡s✱
t❤❡ ❛✉t♦❝♦rr❡❧❛t✐♦♥ C2 ❢♦r t❤❡ ❋✾ ❛♣❡rt✉r❡ t❡♥❞s t♦ s❛t✉r❛t❡✱ ✇✐t❤ ❛ ♠♦❞✲
❡r❛t❡ ❝r♦ss♦✈❡r ✇❤❡r❡ t❤❡ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ ❜♦t❤ r❡❣✐♠❡s ♦❝❝✉rs✳ ❙✐♠✐❧❛r
❛♥❛❧②t✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ s❝❛❧✐♥❣ ❝✉r✈❡s ✇❡r❡ ❞✐s❝✉ss❡❞ ❡✳❣✳ ❜② ❇r♦✇♥ ✭✶✾✾✺✮❀
P❧♦✉r❛❜♦✉é ❡t ❛❧✳ ✭✶✾✾✺✮❀ ●❧♦✈❡r ❡t ❛❧✳ ✭✶✾✾✽✮❀ ❖❣✐❧✈✐❡ ❡t ❛❧✳ ✭✷✵✵✻✮❀ ▼é❤❡✉st
❛♥❞ ❙❝❤♠✐tt❜✉❤❧ ✭✷✵✵✸✮❀ ❆✉r❛❞♦✉ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ✇❤♦ st✉❞✐❡❞ t❤❡ ❛♣❡rt✉r❡
♦❜t❛✐♥❡❞ ❢r♦♠ t✇♦ s❡❧❢✲❛✣♥❡ s✉r❢❛❝❡s ♠❛t❝❤✐♥❣ ❛t ❧❛r❣❡ s❝❛❧❡s ❛♥❞ ✐♥❞❡♣❡♥✲
❞❡♥t ❛t s♠❛❧❧ s❝❛❧❡s✳ ■♥ ♦✉r ❝❛s❡✱ t❤❡ ♠✐s♠❛t❝❤ ❛t s♠❛❧❧ s❝❛❧❡s ✐s ✐s♦tr♦♣✐❝
❛♥❞ ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ s♠❛❧❧ s❝❛❧❡ s✉r❢❛❝❡ ❞❛♠❛❣✐♥❣✱ ✇❤✐❧❡ t❤❡ ❧❛r❣❡ s❝❛❧❡
♠❛t❝❤ ♣r♦❜❛❜❧② r❡✢❡❝ts t❤❡ ✐♥✐t✐❛❧ ♠❛t❝❤ ♦❢ t❤❡ ❢r❛❝t✉r❡ ❜♦✉♥❞❛r✐❡s✳ ❍❡r❡✱
t❤❡ ❍✉rst ❡①♣♦♥❡♥t ❝❤❛r❛❝t❡r✐③✐♥❣ t❤❡ s❡❧❢✲❛✣♥✐t② ❛t s♠❛❧❧ s❝❛❧❡s ✐s ❞✐✣❝✉❧t
t♦ r♦❜✉st❧② ❡st✐♠❛t❡✱ ❞✉❡ t♦ t❤❡ ✈❡r② s❤♦rt r❛♥❣❡ ✇❤❡r❡ t❤❡ s❡❧❢✲❛✣♥✐t② ❝❛♥
✐ts❡❧❢ ❜❡ ♦❜s❡r✈❡❞✳ ❚❤❡ ✜t ♣r♦♣♦s❡❞ ✐♥ ❋✐❣✳ ✾ ❤❛s ❛ s❧♦♣❡ ✭❍✉rst ❡①♣♦♥❡♥t✮ ♦❢
✵✳✼✳ ❚❤✐s ✐s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ♣❛♣❡r ✶✱ ✇❤❡r❡ ✐t ✇❛s
s❤♦✇♥ t❤❛t ❜♦t❤ s✐❞❡s ♦❢ ❋✾ ❤❛✈❡ ❛ s❡❧❢✲❛✣♥❡ ❣❡♦♠❡tr② ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛
❍✉rst ❡①♣♦♥❡♥t ♦❢ ✵✳✼ t♦ ✵✳✼✺✳ ❋✐❣✉r❡ ✶✵✱ ❧❡❢t✱ ✐s ❛ ✷❉ ♣❧♦t ♦❢ log10 [C2 (∆)/∆0]
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣♦❧❛r ❝♦♦r❞✐♥❛t❡s (log10 (∆/lp) , θ) ✭lp = 0.04 ♠♠✮✳ ■t
s❤♦✇s t❤❛t t❤❡ s❝❛❧✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❛♣❡rt✉r❡ ❛r❡ r♦✉❣❤❧② t❤❡ s❛♠❡ ✐♥ ❛♥②
❞✐r❡❝t✐♦♥✱ ✇❤✐❝❤ ✇❛s ❛❧s♦ t❤❡ ❝❛s❡ ❢♦r ✐ts s✉r❢❛❝❡✳

✶✸



❋✐❣✉r❡ ✾✿ P❧♦t ♦❢ log10 [C2 (∆)/∆0] ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ log10 [∆/∆0]✱ ❢♦r ❞✐s❝♦♥✲
t✐♥✉✐t② ❋✾✱ ✐♥ ❞✐r❡❝t✐♦♥s θ ❡q✉❛❧ t♦ 10➦ ❛♥❞ −80➦✱ ❢♦r t❤❡ ❜♦tt♦♠ s✐❞❡ ✭❆✱ ❇✮✱
t♦♣ s✐❞❡ ✭❈✱ ❉✮✱ ❛♥❞ ❛♣❡rt✉r❡ ✭❊✱ ❋✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r t❤❡
♣❧♦ts ❆✱ ❇✱ ❈✱ ❉ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ♣❛♣❡r ✶✳ ❚❤❡ ✜t ❝✉r✈❡ s❤♦✇s t❤❡ s✉❣❣❡st❡❞
♠♦❞❡❧ ❢♦r t❤❡ ❋✾ ❛♣❡rt✉r❡✿ ✐t ✐s s❡❧❢✲❛✣♥❡ ❢r♦♠ ∆ = 0.04 ♠♠ t♦ ∆ = 0.8 ♠♠
✇✐t❤ ❛ s❧♦♣❡ ♦❢ ✵✳✼ ❛♥❞ C2 (0.1 ♠♠) = 17 ➭♠❀ t❤❡♥ ❢♦r ∆ ✈❛❧✉❡s ❤✐❣❤❡r t❤❛♥
✵✳✽ ♠♠ ✐t r❡❛❝❤❡s ❛ ♣❧❛t❡❛✉ ❝❤❛r❛❝t❡r✐③❡❞ ✇✐t❤ C2 (∆ > 0.8 ♠♠) = 0.07 ♠♠✳

✶✹



❋✾ ❈✶✹

❋✐❣✉r❡ ✶✵✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ log10 [C2 (∆)/∆0] ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣♦❧❛r
❝♦♦r❞✐♥❛t❡s (log10 (∆/lp) , θ)✱ ✇❤❡r❡ lp ✐s ✵✳✵✹ ♠♠✱ ❝♦♠♣✉t❡❞ ❢♦r t❤❡ ❛♣❡rt✉r❡s
❋✾ ✭❧❡❢t✮ ❛♥❞ ❈✶✹ ✭r✐❣❤t✮✳ ❋♦r ❈✾ ❛♥❞ ❈✶✹✱ t❤❡ ✐s♦✈❛❧✉❡ ❧✐♥❡s ❛r❡ ❛ ❢❛♠✐❧②
♦❢ s❧✐❣❤t❧② ❡❧♦♥❣❛t❡❞ ❝✐r❝❧❡s✱ s❤♦✇✐♥❣ t❤❛t ❜♦t❤ ❛♣❡rt✉r❡s ❛r❡ ✐s♦tr♦♣✐❝ ❛t
✜rst ♦r❞❡r✳ ◆♦t❡ t❤❛t✱ ❛t s❡❝♦♥❞ ♦r❞❡r✱ ❈✶✹ ✐s s❧✐❣❤t❧② ♠♦r❡ ❛♥✐s♦tr♦♣✐❝❀
❛♥❞ ❛❧s♦ t❤❛t C2 ✈❛❧✉❡s ❛r❡ ❤✐❣❤❡r ❢♦r ❈✶✹ t❤❛♥ ❢♦r ❋✾✳ ❚❤❡s❡ ❧✐♥❡s ❛r❡
r❡❣✉❧❛r❧② ❞✐str✐❜✉t❡❞ ❢♦r ❈✶✹✱ s❤♦✇✐♥❣ t❤❛t t❤❡ ❛♣❡rt✉r❡ ✐s s❡❧❢✲❛✣♥❡ ♦✈❡r ❛❧❧
t❤❡ ♦❜s❡r✈❡❞ r❛♥❣❡s✱ ✇❤✐❧❡ ❋✾ ❛♣❡rt✉r❡ s❤♦✇s ♦♥❧② ❛ s❡❧❢✲❛✣♥❡ ❧❛✇ ❛t ✈❡r②
s♠❛❧❧ s❝❛❧❡s✳

✸✳✷ ❙❝❛❧✐♥❣ ❧❛✇ ♦❢ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ s❡❛❧❡❞ ❞✐s❝♦♥t✐✲

♥✉✐t②

❚❤❡ ❝❛❧❝✐t❡ ❥♦✐♥t st✉❞✐❡❞✱ ❈✶✹✱ ❤❛s ❛ t❤✐❝❦♥❡ss r❛♥❣✐♥❣ ❢r♦♠ ❛❜♦✉t ✸ ♠♠
t♦ ✶✹ ♠♠✳ ❚❤✐s t❤✐❝❦♥❡ss ✭s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✮✱ ♠♦st❧② ❛r♦✉♥❞ ✶ ❝♠✱ ✐s r❡❧❛✲
t✐✈❡❧② ✈❛r✐❛❜❧❡ ❞✉❡ t♦ t❤❡ ❛♥❛st♦♠♦s❡ ♦❢ ♠✉❧t✐♣❧❡ ❝❛❧❝✐t❡ ❧❛②❡rs ✭s❡❡ ❋✐❣✳ ✺ ✐♥
♣❛♣❡r ✶✮✳

C2 ✇❛s ❝♦♠♣✉t❡❞ ❢♦r ❛♣❡rt✉r❡ ❈✶✹✱ ❛♥❞ ❋✐❣✳ ✶✶ s❤♦✇s t❤❡ ✶❉ ♣❧♦t ♦❢
log10 [C2 (∆)/∆0] ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ log10 [∆/∆0] ❢♦r t✇♦ ❞✐r❡❝t✐♦♥s ✭❤❡r❡❛❢t❡r
❞❡♠♦♥str❛t❡❞ ❛s ❜❡✐♥❣ ❝❧♦s❡ t♦ t❤❡ ❞✐r❡❝t✐♦♥s s❤♦✇✐♥❣ t❤❡ ❧❛r❣❡st ❛♥✐s♦tr♦♣②✮✿
θ = −35➦ ❛♥❞ θ = 55➦✳ ❆ ❧✐♥❡❛r tr❡♥❞ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❢r♦♠ ✵✳✸ ♠♠ t♦ ✷✺ ♠♠✱
✇❤✐❝❤ ♠❡❛♥s t❤❛t ❛ s❡❧❢✲❛✣♥❡ ❧❛✇ ❝❛♥ ❜❡ ✜tt❡❞✳ ❆s s❤♦✇♥ ❜② ❋✐❣✳ ✶✷✱ C2

❢♦r ❈✶✹ ✐s s❧✐❣❤t❧② ❛♥✐s♦tr♦♣✐❝✱ ❛s ✇❛s t❤❡ ❝❛s❡ ❢♦r ✐ts s✉r❢❛❝❡s✱ ✇✐t❤ C2 (∆0)
✈❛❧✉❡s ♣r♦❣r❡ss✐✈❡❧② ✈❛r②✐♥❣ ✭❛♠♣❧✐t✉❞❡ ♦❢ ±0.08✮ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐r❡❝t✐♦♥✱
❛r♦✉♥❞ ✵✳✸✹ ♠♠✱ ✇✐t❤ ❡①tr❡♠❛❧ ✈❛❧✉❡s ❛r♦✉♥❞ θ ❡q✉❛❧ t♦ −50➦ ❛♥❞ 40➦✳ ❚❤❡
❍✉rst ❡①♣♦♥❡♥t ❛❧s♦ s❤♦✇s ❛♥ ❛♥✐s♦tr♦♣② ✭❤♦✇❡✈❡r ❧❡ss ♣r♦♥♦✉♥❝❡❞✮✱ ❛s ✐t
✈❛r✐❡s ❛r♦✉♥❞ ✵✳✼✽ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐r❡❝t✐♦♥✱ ❜② ±0.04✳ ◆♦t❡ t❤❛t t❤❡ s✐❞❡s
❛♥❞ t❤❡ ❛♣❡rt✉r❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♦r✐❡♥t❡❞ r❡❧❛t✐✈❡❧② t♦ ♦♥❡ ❛♥♦t❤❡r ✭s❡❡
s❡❝t✐♦♥ ✷✳✷✮✱ s♦ t❤❛t t❤❡ ❞✐r❡❝t✐♦♥s ♦❢ ❛♥✐s♦tr♦♣② ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞ ❜❡t✇❡❡♥

✶✺



❜♦t❤ s✉r❢❛❝❡s ❛♥❞ t❤❡ ❛♣❡rt✉r❡✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ t♦ ❛♥ ✐s♦tr♦♣✐❝ s❡❧❢✲❛✣♥❡
s✉r❢❛❝❡ ❝❛♥ ❜❡ ❢✉❧❧② ♦❜s❡r✈❡❞ ✐♥ ❋✐❣ ✶✵✱ r✐❣❤t✱ ❢r♦♠ t❤❡ ❢❛❝t t❤❛t t❤❡ ✐s♦✈❛❧✉❡s
❛r❡ ❡❧♦♥❣❛t❡❞ ❝✐r❝❧❡s✳ ■t ❝❛♥ ❛❧s♦ ❜❡ ♥♦t✐❝❡❞ t❤❛t t❤❡ ❛♥✐s♦tr♦♣② ❞✐r❡❝t✐♦♥
s❧✐❣❤t❧② ❡✈♦❧✈❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❛♥❣❡ ♦❢ s❝❛❧❡s✳ ■❣♥♦r✐♥❣ t❤❡s❡ s❡❝♦♥❞ ♦r❞❡r
❡✛❡❝ts ❧❡❛❞s t♦ ❛ ❣❧♦❜❛❧ ❍✉rst ❡①♣♦♥❡♥t ♦❢ ❛❜♦✉t 0.8 ❢♦r t❤❡ ❛♣❡rt✉r❡ ❛♥❞
0.75 ❢♦r t❤❡ ✐♥❞✐✈✐❞✉❛❧ s✐❞❡s✱ ✇❤♦s❡ s❝❛❧✐♥❣ ❝✉r✈❡s ✭❋✐❣✳ ✶✶ ❆✱ ❇✱ ❈✱ ❉✮ ❛r❡
r❡❝❛❧❧❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥ ✭s❡❡ ♣❛♣❡r ✶✮✳ C2 (∆0) ♦❢ ❛♣❡rt✉r❡ ❈✶✹ ✐s ❤♦✇❡✈❡r
s❤♦✇♥ t♦ ❜❡ ❧❛r❣❡r t❤❛♥ t❤❡ ♦♥❡ ♦❢ ✐ts s✐❞❡s ✭❋✐❣✳ ✶✷✱ r✐❣❤t✮✱ ✇❤✐❝❤ s✐♠♣❧②
s❤♦✇s t❤❛t t❤❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ❛t ✶ ♠♠ ♦❢ t❤❡ ❛♣❡rt✉r❡ ✐s ❧❛r❣❡r t❤❛♥ t❤❡
✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ t♦♣♦❣r❛♣❤② ♦❢ ❜♦t❤ s✐❞❡s✳ ❚❤✐s ✐s ❛ ❜❡❤❛✈✐♦r ♦♣♣♦s✐t❡ t♦
✇❤❛t ✐s ♦❜s❡r✈❡❞ ❢♦r ❞✐s❝♦♥t✐♥✉✐t② ❋✾✱ ✇❤♦s❡ ❛♣❡rt✉r❡ s❤♦✇s ❧❡ss ✢✉❝t✉❛t✐♦♥s
t❤❛♥ ✐ts s✐❞❡s✳

❈✶✹ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❞✐s❝♦♥t✐♥✉✐t② ✇✐t❤ t✇♦ ✐♥❞❡♣❡♥❞❡♥t s✐❞❡s ✇❤✐❝❤ ❛r❡
❜♦t❤ s❡❧❢✲❛✣♥❡ ✇✐t❤ ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡ ❍✉rst ❡①♣♦♥❡♥t✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s
❛ t❤✐❝❦♥❡ss ✇❤✐❝❤ ✐s s❡❧❢✲❛✣♥❡ ♦✈❡r t❤❡ s❛♠❡ r❛♥❣❡ ♦❢ s❝❛❧❡s ❛s t❤❛t ♦❢ t❤❡
s✐❞❡s✳

❋✐❣✉r❡ ✶✶✿ P❧♦t ♦❢ log10 [C2 (∆)/∆0] ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ log10 [∆/∆0]✱ ❢♦r t❤❡ ❈✶✹
❞✐s❝♦♥t✐♥✉✐t②✱ ✐♥ ❞✐r❡❝t✐♦♥s θ ❡q✉❛❧ t♦ −35➦ ❛♥❞ 55➦✱ ❢♦r t❤❡ ❜♦tt♦♠ s✐❞❡ ✭❆✱
❇✮✱ t♦♣ s✐❞❡ ✭❈✱ ❉✮✱ ❛♥❞ t❤✐❝❦♥❡ss ✭❊✱ ❋✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♠♦❞❡❧ s✉❣❣❡st❡❞
❢♦r t❤❡ ❈✶✹ ❛♣❡rt✉r❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r t❤❡ ♣❧♦ts ❆✱
❇✱ ❈✱ ❉ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ♣❛♣❡r ✶✳
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ζ C2 (∆0)

❋✐❣✉r❡ ✶✷✿ P♦❧❛r ♣❧♦t ♦❢ ζ ✭❧❡❢t✮ ❛♥❞ C2 (∆0) ✐♥ ♠♠ ✭r✐❣❤t✮ ❛s ❢✉♥❝t✐♦♥s ♦❢ θ✱
❢♦r t❤❡ t♦♣♦❣r❛♣❤② ♦❢ t❤❡ s✐❞❡s✱ ❛♥❞ ❛♣❡rt✉r❡✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❧❛❜❡❧s✱ ❢♦r
❈✶✹ ❞✐s❝♦♥t✐♥✉✐t②✳ ❚❤❡ ❡❧❧✐♣s♦✐❞❛❧ s❤❛♣❡ ♦❢ t❤❡ ❝✉r✈❡s s❤♦✇s ❤♦✇ ❛♥✐s♦tr♦♣✐❝
t❤❡ s❝❛❧✐♥❣ ❛r❡✳

✹ ❍②❞r❛✉❧✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❉r❛✐① ❢♦r♠❛t✐♦♥

❉❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ✐♥✢✉❡♥❝✐♥❣ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ♦❢ ❛

❢r❛❝t✉r❡❞ ❜❡❞r♦❝❦ ❚❤❡ ❛✐♠ ✐s t♦ ❡st✐♠❛t❡ t❤❡ ♣r❡s❡♥t ♣❡r♠❡❛❜✐❧✐t② k ♦❢
t❤❡ ❉r❛✐① ❢r❛❝t✉r❡❞ ❜❡❞r♦❝❦ ❛t ❧❛r❣❡ s❝❛❧❡✳ ❖♣❡♥ ❢r❛❝t✉r❡s✱ ❧✐❦❡ ❋✾✱ ✇✐❧❧ ♣❧❛②
❛ s✐❣♥✐✜❝❛♥t r♦❧❡ ✐♥ t❤❡ ♣❡r♠❡❛❜✐❧✐t②✳ ❚❤❡ ❜❡❞r♦❝❦ ❜❡✐♥❣ ❡ss❡♥t✐❛❧❧② ✐♥t❛❝t
♠❛r❧✱ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ✐♥ t❤❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ♣❧❛♥❡ ❢r❛❝✲
t✉r❡ ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ♥❡❣❧✐❣✐❜❧❡ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ✐♥✲♣❧❛♥❡ ♣❡r♠❡❛❜✐❧✐t②✳
❆♥ ✐♥❝r❡❛s❡ ♦❢ ♣❡r♠❡❛❜✐❧✐t② ♠✐❣❤t ❝♦♠❡ ❢r♦♠ t❤❡ ❞✐ss♦❧✉t✐♦♥ ♦❢ s❡❛❧❡❞ ❞✐s✲
❝♦♥t✐♥✉✐t✐❡s ♦❢ t❤❡ t②♣❡ ♣r❡✈✐♦✉s❧② ❝♦♥s✐❞❡r❡❞ ✭❈✶✹✮✱ ♦r ❡✈❡♥ ❢r♦♠ s✐♠♣❧❡
✇❛s❤✐♥❣ ♦❢ ❧❡ss ❝♦♥s♦❧✐❞❛t❡❞ ❝❧❛② ✜❧❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✭❧✐❦❡ ❋✻ ❞✐s❝♦♥t✐♥✉✐t②✱
st✉❞✐❡❞ ✐♥ ♣❛♣❡r ✶✮✱ ✇❤✐❝❤ ❛❧s♦ ❡①✐st ❛❧♦♥❣ t❤❡ ❞r✐❧❧✳ ❚❤❡ ❡st✐♠❛t❡ ♦❢ t❤❡
♣❡r♠❡❛❜✐❧✐t② r❡q✉✐r❡s t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❞❡♥s✐t② ♦❢ ♦♣❡♥ ❛♥❞ s❡❛❧❡❞ ❞✐s✲
❝♦♥t✐♥✉✐t✐❡s ❛❧♦♥❣ t❤❡ ❝♦r❡✱ ❛s ✇❡❧❧ ❛s t❤❡✐r ♦r✐❡♥t❛t✐♦♥✳ ❚❤❡ ♠♦r♣❤♦❧♦❣② ♦❢
t❤❡ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❛❧s♦ ❣r❡❛t❧② ✐♥✢✉❡♥❝❡s t❤❡ ♣❡r♠❡❛❜✐❧✐t②✱ ❛s ✇❛s s❤♦✇♥✱
❢♦r ✐♥st❛♥❝❡✱ ✇✐t❤ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ❤②❞r❛✉❧✐❝ ✢♦✇✱ ♣❡r❢♦r♠❡❞
♦♥ s②♥t❤❡t✐❝ ❛♣❡rt✉r❡s ✭❡✳❣✳ ❉r❛③❡r ❛♥❞ ❑♦♣❧✐❦ ✭✷✵✵✷✮❀ ❆❧✲❨❛❛r✉❜✐ ❡t ❛❧✳
✭✷✵✵✺✮❀ ❩✐♠♠❡r♠❛♥ ❛♥❞ ❇♦❞✈❛rss♦♥ ✭✶✾✾✻✮❀ ❇r♦✇♥ ✭✶✾✽✼✮❀ ❆✉r❛❞♦✉ ❡t ❛❧✳
✭✷✵✵✺✮❀ ▼é❤❡✉st ❛♥❞ ❙❝❤♠✐tt❜✉❤❧ ✭✷✵✵✶✱ ✷✵✵✸✮✮✳ ❆♠♦♥❣ t❤❡ ♥✉♠❡r✐❝❛❧❧②
❡①♣❧♦r❡❞ ❛♣❡rt✉r❡ ♠♦❞❡❧s✱ ✐s♦tr♦♣✐❝ r♦✉❣❤ ❛♣❡rt✉r❡s s❤♦✇✐♥❣ s❡❧❢✲❛✣♥✐t② ❛t
❛♥② s❝❛❧❡✱ ♦r ❛t ❧✐♠✐t❡❞ s❝❛❧❡ ✭❡✳❣✳ ❇r♦✇♥ ✭✶✾✽✼✮❀ ❩✐♠♠❡r♠❛♥ ❛♥❞ ❇♦❞✈❛rs✲
s♦♥ ✭✶✾✾✻✮❀ ▼é❤❡✉st ❛♥❞ ❙❝❤♠✐tt❜✉❤❧ ✭✷✵✵✶✱ ✷✵✵✸✮❀ ◆❡✉✈✐❧❧❡ ❡t ❛❧✳ ✭✷✵✵✾❛✱
✷✵✶✵✮✮✱ ❤❛✈❡ ❜❡❡♥ ❝♦♠♣❛r❡❞✱ ✐♥ t❡r♠ ♦❢ ♣❡r♠❡❛❜✐❧✐t②✱ t♦ ❛♣❡rt✉r❡s ✇✐t❤ ✢❛t
s✐❞❡s✳ ❚❤♦s❡ s✐♠✉❧❛t✐♦♥s✱ ✉s✐♥❣ t❤❡ ❘❡②♥♦❧❞s ❡q✉❛t✐♦♥ ✐♥ t❤❡ ♣❡r♠❛♥❡♥t ❛♥❞
❧❛♠✐♥❛r r❡❣✐♠❡s✱ ✉♥❞❡r t❤❡ ❧✉❜r✐❝❛t✐♦♥ ❛♣♣r♦①✐♠❛t✐♦♥ ✭❡✳❣✳ ❩✐♠♠❡r♠❛♥ ❛♥❞

✶✼



❇♦❞✈❛rss♦♥ ✭✶✾✾✻✮✮✱ ❤❛✈❡ s❤♦✇♥ t❤❛t✱ ✐❢ σ/A ✐s s♠❛❧❧ ❡♥♦✉❣❤ ✭✇❤❡r❡ σ ✐s t❤❡
r♦♦t ♠❡❛♥ sq✉❛r❡ ♦❢ t❤❡ ❛♣❡rt✉r❡ ✜❡❧❞✮✱ t❤❡ ❝✉❜✐❝ ❧❛✇ ✭❡✳❣✳ ❩✐♠♠❡r♠❛♥ ❛♥❞
▼❛✐♥ ✭✷✵✵✹✮✮

k =
NA3

12
✭✷✮

✐s ✈❛❧✐❞✱ ✇❤❡r❡ N ✐s t❤❡ ❞❡♥s✐t② ♦❢ ✐s♦tr♦♣✐❝ ❢r❛❝t✉r❡s ✭♥✉♠❜❡r ♦❢ ❢r❛❝t✉r❡s
♣❡r ❧❡♥❣t❤ ✉♥✐t✮✱ ♦❢ s❛♠❡ ♦r✐❡♥t❛t✐♦♥ ❛♥❞ ♠❡❛♥ ❛♣❡rt✉r❡ A✳ ❚❤❡ st✉❞② ♦❢
t❤❡ ❛♣❡rt✉r❡ ♠♦r♣❤♦❧♦❣② ♦❢ t❤❡ ♦♣❡♥ ❛♥❞ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❝❛♥ t❤❡r❡❢♦r❡
❜❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ✐❢ t❤❛t ❝✉❜✐❝ ❧❛✇ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❉r❛✐①✳ ■t ✐s ✜rst
♥❡❡❞❡❞ t♦ ❡①tr❛♣♦❧❛t❡✱ t♦ t❤❡ s❝❛❧❡ ♦❢ t❤❡ ❢♦r♠❛t✐♦♥ t❤❡ st❛t✐st✐❝❛❧ ♣r♦♣❡rt✐❡s
♦❜s❡r✈❡❞ ❛t t❤❡ s❛♠♣❧❡ s❝❛❧❡✳ ❙✐♥❝❡ t❤❡ ❞❡t❡r♠✐♥❡❞ ❛♣❡rt✉r❡ ❝♦rr❡❧❛t✐♦♥s ❛r❡
❛❧♠♦st ✐s♦tr♦♣✐❝✱ t❤❡ ❛ss♦❝✐❛t❡❞ ♣❡r♠❡❛❜✐❧✐t② ✐s ✐s♦tr♦♣✐❝ ❛❧♦♥❣ t❤❡ ❞✐s❝♦♥✲
t✐♥✉✐t② ♠❡❛♥ ♣❧❛♥❡✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ ♠♦st ♦❜s❡r✈❡❞ ❢r❛❝t✉r❡s ❞✐s♣❧❛② q✉✐t❡
s✐♠✐❧❛r ❞✐r❡❝t✐♦♥s✱ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♥♦r♠❛❧ t♦ t❤❡s❡ ❢r❛❝t✉r❡s
✇♦✉❧❞ r❛t❤❡r ❜❡ t❤❡ ♦♥❡ ♦❢ t❤❡ ❜✉❧❦ ♠❛r❧✳

❍②❞r❛✉❧✐❝ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❋✾ ✐s ❛ss✉♠❡❞ t♦
❤❛✈❡ ❛♥ ❛♣❡rt✉r❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ❛❧❧ t❤❡ ♦♣❡♥ ❢r❛❝t✉r❡s ✐♥ t❤❡ ❢♦r♠❛t✐♦♥✳ ■t
✇❛s s❤♦✇♥ t❤❛t t❤❡ ❛✈❡r❛❣❡ ❛♣❡rt✉r❡ ✐s ❛❜♦✉t AF9

= 2.3 ♠♠✱ ✇✐t❤ ✈❡r② ❧✐tt❧❡
✈❛r✐❛t✐♦♥s ❛r♦✉♥❞ t❤❛t ♠❡❛♥ ✭❋✐❣s✳ ✹ ❛♥❞ ✽✮✿ σF9

/AF9
< 0.04✳ ❚❤❡ ❛♣❡rt✉r❡

✇❛s ❛❧s♦ s❤♦✇♥ t♦ ❢♦❧❧♦✇ ❛ s❡❧❢✲❛✣♥❡ ❧❛✇ ❛t ✈❡r② s♠❛❧❧ s❝❛❧❡s ✭❧❡ss t❤❛♥ 1 ❝♠✮✱
❛♥❞ t♦ ❜❡ st❛t✐st✐❝❛❧❧② ✐♥✈❛r✐❛♥t ❛t ❧❛r❣❡r s❝❛❧❡s✳ ■t ❛❧s♦ ♠❡❛♥s t❤❛t ♠♦st ❝♦♥✲
tr✐❜✉t✐♦♥ ♦♥ t❤❡ r♦✉❣❤♥❡ss ❝♦♠❡s ❢r♦♠ t❤❡ s❤♦rt s❝❛❧❡s ♦❢ t❤❡ ♠♦r♣❤♦❧♦❣②✳
▼é❤❡✉st ❛♥❞ ❙❝❤♠✐tt❜✉❤❧ ✭✷✵✵✸✮ s❤♦✇❡❞ t❤❛t t❤❡ ❤②❞r❛✉❧✐❝ ❜❡❤❛✈✐♦r✱ ✉♥❞❡r
❧✉❜r✐❝❛t✐♦♥ ❛♣♣r♦①✐♠❛t✐♦♥✱ ❢♦r ❢r❛❝t✉r❡ ❛♣❡rt✉r❡s ✇✐t❤ s✉❝❤ s❝❛❧✐♥❣ ❝❤❛r❛❝✲
t❡r✐st✐❝s ❛r❡ ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ s♠❛❧❧ s❝❛❧❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❋✾ ❝❛♥
❜❡ ❞❡❞✉❝❡❞ ❢r♦♠ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ♦✈❡r ♥✉♠❡r♦✉s s❡❧❢✲❛✣♥❡
❛♣❡rt✉r❡s ✭◆❡✉✈✐❧❧❡ ❡t ❛❧✳✱ ✷✵✶✵✮✱ s❤♦✇✐♥❣ σ/A < 0.04✿ ✐t ✇❛s s❤♦✇♥ t❤❛t t❤❡
❤②❞r❛✉❧✐❝ ❜❡❤❛✈✐♦r ❝♦♠♣✉t❡❞ ❢♦r ❛ ❢r❛❝t✉r❡ ✇✐t❤ s✉❝❤ ❛ s♠❛❧❧ σ/A r❛t✐♦ ❝❛♥
❜❡ ❛♣♣r♦①✐♠❛t❡❞ ❜② t❤❛t ♦❢ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ♠♦❞❡❧ ✇✐t❤ ❛♣❡rt✉r❡ A✱ ✇✐t❤ ❛
♣r❡❝✐s✐♦♥ ❜❡tt❡r t❤❛♥ ✾✾✪ ♦♥ t❤❡ ❤②❞r❛✉❧✐❝ ❛♣❡rt✉r❡✳

❈♦✉♥t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✈✐s✐❜❧❡ ❛❧♦♥❣ t❤❡ ❝♦r❡ ❢♦r
❢r❛❝t✉r❡❞ ✉♥✐t ✷✱ ✇❤✐❝❤ ✐s t❤❡ ✉♥✐t ✇❤❡r❡ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❛r❡ ♥✉♠❡r♦✉s✱
✇❡ ❣❡t ❛♣♣r♦①✐♠❛t❡❧② ❢♦✉r ❞✐s❝♦♥t✐♥✉✐t✐❡s ♦✈❡r ❢♦✉r ♠❡t❡rs✱ ✐✳❡✳ No ≃ 1 ♦♣❡♥
❞✐s❝♦♥t✐♥✉✐t② ♣❡r ♠❡t❡r✳ ❋r♦♠ ❡q✉❛t✐♦♥ ✭✷✮✱ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ✐s t❤✉s ♦❢ ♦r❞❡r
k = 10−9 ♠2 ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✉r❡❞ ❜❡❞r♦❝❦✳ ❚❤❛t ♠❡❛♥s t❤❛t
✉♥✐t ✷ ✐s ❤✐❣❤❧② ♣❡r♠❡❛❜❧❡✳ ❆♣❡rt✉r❡s ♦❢ s♦♠❡ ♦❢ t❤❡ ♦♣❡♥ ❢r❛❝t✉r❡ ♠✐❣❤t
❤♦✇❡✈❡r ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ 2.3 ♠♠✱ ✇✐t❤ ❛ s❧✐❣❤t❧② ❞✐✛❡r❡♥t ♦r✐❡♥t❛t✐♦♥✱ ✇❤✐❝❤
♠✐❣❤t r❡s✉❧t ✐♥t♦ ❛ ❞✐✛❡r❡♥t ♣❡r♠❡❛❜✐❧✐t②✳

P♦t❡♥t✐❛❧ ❤②❞r❛✉❧✐❝ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❛♥❞ ♦❢

❞✐s❝♦♥t✐♥✉✐t✐❡s ❝♦♥t❛✐♥✐♥❣ ❞❡❜r✐s ❛♥❞ ❝❧❛②✳ ❯s✐♥❣ ❝❛❧❝✐t❡ ✈❡✐♥ ❈✶✹✱
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t❤❡ ❤②❞r❛✉❧✐❝ ♣❡r♠❡❛❜✐❧✐t② ✐♥❝r❡❛s❡ ✐❢ s✉❝❤ ❝❛❧❝✐t❡ ✈❡✐♥s ✇❡r❡ ❞✐ss♦❧✈❡❞ ❝❛♥
❜❡ ❡st✐♠❛t❡❞✳ ■♥ s✉❜s❡❝t✐♦♥ ✸✳✷ ✐t ✇❛s ♦❜s❡r✈❡❞ t❤❛t ❈✶✹ ❝❛❧❝✐t❡ t❤✐❝❦♥❡ss
✭✐✳❡✳ t❤❡ ♣♦t❡♥t✐❛❧ ❞✐s❝♦♥t✐♥✉✐t② ❛♣❡rt✉r❡✮ ❢♦❧❧♦✇s ❛ s❡❧❢✲❛✣♥❡ ❧❛✇ ✇✐t❤ ❍✉rst
❡①♣♦♥❡♥t ♦❢ ❛❜♦✉t 0.8✱ ❛t ❧❡❛st ✉♣ t♦ s❝❛❧❡s ♦❢ ♦r❞❡r 25 ♠♠✱ ✇✐t❤ ❛ ♣r❡❢❛❝t♦r
❣✐✈❡♥ ❜② C2 (∆0) ≃ 0.3 ♠♠✳ ❆s t❤❡ ❈✶✹ s❛♠♣❧❡ s✐③❡ ✐s ♦♥❧② ❛❜♦✉t 6×7 ❝♠2✱
t❤❡ C2 ❝♦✉❧❞ ♥♦t ❜❡ ❝♦♠♣✉t❡❞ ♦✈❡r ❛❜♦✉t ❤❛❧❢ s✐③❡ ♦❢ t❤❡ s❛♠♣❧❡✱ ✐✳❡✳ ❛❜♦✉t
3 ❝♠✳ ❆s s❤♦✇♥ ❜② st✉❞✐❡s ❛❜♦✉t t❤❡ ♠♦r♣❤♦❧♦❣② ♦❢ ♥❛t✉r❛❧ ❢r❛❝t✉r❡s✱ ✐t ✐s
❦♥♦✇♥✱ t❤❛t ❛t ❧❛r❣❡ s❝❛❧❡s✱ t❤❡ ❛♣❡rt✉r❡ t❡♥❞s t♦ ❜❡ st❛t✐st✐❝❛❧❧② ✐♥✈❛r✐❛♥t
✭❡✳❣✳ P❧♦✉r❛❜♦✉é ❡t ❛❧✳ ✭✶✾✾✺✮❀ ■s❛❦♦✈ ❡t ❛❧✳ ✭✷✵✵✶✮✮✱ s❤♦✇✐♥❣ ❛ ❝♦♥st❛♥t
❛✉t♦❝♦rr❡❧❛t✐♦♥ ✈❛❧✉❡ C2 (∆l)✳ C2 (∆l) s❤♦✉❧❞ ❜❡ ♦❢ t❤❡ ♦r❞❡r ♦❢ t❤❡ r♦♦t ♠❡❛♥
sq✉❛r❡ ♦❢ t❤❡ ❛♣❡rt✉r❡✱ ✇❤✐❝❤ ✐s st❛t✐st✐❝❛❧❧② s♠❛❧❧❡r t❤❛♥ t❤❡ ❛✈❡r❛❣❡ ❛♣❡rt✉r❡
✭♦t❤❡r✇✐s❡✱ t❤❡ ❛♣❡rt✉r❡ ✜❡❧❞ ✇♦✉❧❞ ❡①❤✐❜✐t ♥❡❣❛t✐✈❡ ✈❛❧✉❡s✮✳ ❆ss✉♠✐♥❣ t❤❛t
t❤❡ ♠❡❛♥ ❛♣❡rt✉r❡ ♦❜s❡r✈❡❞ ❛t t❤❡ s❛♠♣❧❡ s❝❛❧❡ ✭♦❢ ♦r❞❡r ✶ ❝♠✮ ✐s t❤❡ s❛♠❡
❛t ❧❛r❣❡r s❝❛❧❡✱ ✐t ♠❡❛♥s t❤❛t t❤❡ s❝❛❧✐♥❣ ❧❛✇ ✐s ❛t ♠♦st ✈❛❧✐❞ ✉♥t✐❧ C2 (∆l) =
1 ❝♠✳ ❚❤✉s t❤❡ r❡❧❛t✐♦♥s❤✐♣ log10 [C2 (∆l)/∆0] = −0.5 + 0.8 log10 [∆l/∆0]
♣r♦✈✐❞❡s ∆l = 75 ♠♠ ✭s❡❡ ❛❜s❝✐ss❛ ♦❢ ♣♦✐♥t ❙ ✐♥ ❋✐❣✳ ✶✸✮✳ ❆t s❝❛❧❡s ❧❛r❣❡r t❤❛♥
t❤✐s ❝♦rr❡❧❛t✐♦♥ ❧❡♥❣t❤✱ ∆l = 75 ♠♠✱ C2 (∆) s❤♦✉❧❞ ❜❡ ❡ss❡♥t✐❛❧❧② ❝♦♥st❛♥t✳

❋✐❣✉r❡ ✶✸✿ P❧♦t ♦❢ log10 [C2 (∆)/∆0] ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ log10 [∆/∆0] ❢♦r θ ❡q✉❛❧
t♦ −35➦ ✭❆✮✱ 55➦ ✭❇✮ ❢♦r t❤❡ ❛♣❡rt✉r❡ ❈✶✹✳ P❧♦t ❈ s❤♦✇s t❤❡ ❞❡❞✉❝❡❞ ❣❡✲
♦♠❡tr✐❝❛❧ ♠♦❞❡❧ ❛♣♣❧✐❡❞ ❛t s♠❛❧❧ ❛♥❞ ❧❛r❣❡ s❝❛❧❡s✳ P♦✐♥t ❙ ✐s t❤❡ ✐♥t❡rs❡❝✲
t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❝❛❧✐♥❣ ❧❛✇ log10 [C2 (∆)/∆0] = −0.5+0.8 log10 [∆/∆0] ❛♥❞
C2 (∆) = A = 1 ❝♠✳ ❆ss✉♠✐♥❣ t❤❛t t❤❡ ✢✉❝t✉❛t✐♦♥ ♦❢ t❤❡ ❛♣❡rt✉r❡ ❝❛♥♥♦t
❜❡ ❧❛r❣❡r t❤❛♥ t❤❡ ❛✈❡r❛❣❡ A✱ t❤❡ s❡❧❢✲❛✣♥❡ ❧❛✇ ✐s ❝♦♥s✐❞❡r❡❞ t♦ s❤♦✇ ❛ ❝✉t✲
♦✛ ❛t s❝❛❧❡s ❧❛r❣❡r t❤❛♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❧❡♥❣t❤ ∆l = 75 ♠♠✱ ✇❤✐❝❤ ✐s t❤❡
❛❜s❝✐ss❛ ♦❢ ❙✳ ❬❙■ P❇ ❉❊ P▲❆❈❊✱ ▲❊ ▼❖❉❊▲❊ P❊❯❚ ❊❚❘❊ P▲❆❈❊ ❙❯❘
▲❆ ❋■●❯❘❊ ✶✶❪

❚❤❡ ❤②❞r❛✉❧✐❝ ❜❡❤❛✈✐♦r ✐s ❞❡t❡r♠✐♥❡❞ ❢♦r ❛ s❡❧❢✲❛✣♥❡ ✈❛r✐❛❜❧❡ ❢r❛❝t✉r❡
✭✐✳❡✳✱ ❢♦r s❝❛❧❡s s♠❛❧❧❡r t❤❛♥ 75 ♠♠✮✱ ✉s✐♥❣ t❤❡ ❘❡②♥♦❧❞s ❡q✉❛t✐♦♥ ✐♥ t❤❡ ♣❡r✲
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♠❛♥❡♥t ❛♥❞ ❧❛♠✐♥❛r r❡❣✐♠❡✱ ✇✐t❤ t❤❡ ❧✉❜r✐❝❛t✐♦♥ ❛♣♣r♦①✐♠❛t✐♦♥ ✭❡✳❣✳ ❩✐♠✲
♠❡r♠❛♥ ❛♥❞ ❇♦❞✈❛rss♦♥ ✭✶✾✾✻✮✮✱ s♦❧✈❡❞ ✇✐t❤ ✜♥✐t❡ ❞✐✛❡r❡♥❝❡s ✭❡✳❣✳ ▼é❤❡✉st
❛♥❞ ❙❝❤♠✐tt❜✉❤❧ ✭✷✵✵✵✱ ✷✵✵✸✮❀ ❙❝❤♠✐tt❜✉❤❧ ❡t ❛❧✳ ✭✷✵✵✽✮❀ ◆❡✉✈✐❧❧❡ ❡t ❛❧✳
✭✷✵✵✾❛✱ ✷✵✶✵✮✮✳ ❆s ♥♦ ❝♦rr❡❧❛t✐♦♥s ✐♥ t❤❡ ❢r❛❝t✉r❡ ❛♣❡rt✉r❡ ❛r❡ ❡①♣❡❝t❡❞
❛❜♦✈❡ ❛ s❝❛❧❡ ♦❢ 75 ♠♠✱ t❤❡ ❤②❞r❛✉❧✐❝ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❢r❛❝t✉r❡ ❛t t❤❡ ❢♦r✲
♠❛t✐♦♥ s❝❛❧❡ ✐s ❧✐❦❡❧② t♦ ❜❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❛t ♦❢ ❛ s❡❧❢✲❛✣♥❡ ❢r❛❝t✉r❡ ♦❢ s✐③❡
75 × 75 ♠♠2 ✭❧❡♥❣t❤ ♦✈❡r ✇✐❞t❤✮✳ ❋✐❣✉r❡ ✶✹ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ♦❢ ✭✐✮ ❛ s②♥✲
t❤❡t✐❝ ❛♣❡rt✉r❡ ✜❡❧❞ ♦❢ s✐③❡ 75 × 75 ♠♠2 ✇✐t❤ ζ = 0.8 ❛♥❞ ♠❡❛♥ ❛♣❡rt✉r❡
A = ✶ ❝♠ ❛♥❞ ✭✐✐✮ ❛♥ ❡①tr❛❝t ♦❢ t❤❡ ❛♣❡rt✉r❡ ❈✶✹✱ ♦❢ s✐③❡ 52 ♠♠ × 58 ♠♠
✇✐t❤ ζ = 0.8 ❛♥❞ σ/A = 0.3✳ ❋♦r t❤❡ s②♥t❤❡t✐❝ ❝❛s❡✱ t❤❡ r♦♦t✲♠❡❛♥ sq✉❛r❡
❛♣❡rt✉r❡ ✈❛r✐❛t✐♦♥✱ σ✱ ✐s ✜①❡❞ ❜② t❤❡ ♠❛①✐♠✉♠ ♣♦ss✐❜❧❡ ✈❛❧✉❡ ♣❡r♠✐tt✐♥❣
t♦ ❛✈♦✐❞ ❝♦♥t❛❝t ❜❡t✇❡❡♥ t❤❡ ❢r❛❝t✉r❡ s✐❞❡s ✭✇❤✐❝❤ r❡s✉❧ts ✐♥ t❤✐s ❝❛s❡ ✐♥
σ ≃ 0.46A✮✳

❋✐❣✉r❡ ✶✺ s❤♦✇s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❤②❞r❛✉❧✐❝ ✢♦✇✱ q ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❞❡✲
✜♥❡❞ ❛s t❤❡ ♥♦r♠ ♦❢ t❤❡ ❧♦❝❛❧ ❤②❞r❛✉❧✐❝ ✢✉①✳ ■t ✐s s❤♦✇♥ ✐♥ ❞✐♠❡♥s✐♦♥❧❡ss
✉♥✐ts✱ ❜❡✐♥❣ ♥♦r♠❛❧✐③❡❞ ❜② 12ηlx/∆P ✱ ✇❤❡r❡ lx = 75 ♠♠ ✐s t❤❡ ❢r❛❝t✉r❡
❧❡♥❣t❤✱ η ✐s t❤❡ ❞②♥❛♠✐❝ ✈✐s❝♦s✐t②✱ ❛♥❞ ∆P ✐s t❤❡ ♣r❡ss✉r❡ ❞✐✛❡r❡♥❝❡ ✐♠♣♦s❡❞
❜❡t✇❡❡♥ t❤❡ ✐♥❧❡t ❛♥❞ t❤❡ ♦✉t❧❡t ♦❢ t❤❡ ❢r❛❝t✉r❡✳ ❉✉❡ t♦ t❤❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✲
✐t② ♦❢ t❤❡ ❛♣❡rt✉r❡✱ t❤❡ ❤②❞r❛✉❧✐❝ ✢♦✇ ✐s ❛❧s♦ ✈❛r✐❛❜❧❡ ✐♥ s♣❛❝❡✳ ❋♦r t❤♦s❡
❡①❛♠♣❧❡s✱ t❤❡ ❛✈❡r❛❣❡ ❤②❞r❛✉❧✐❝ ❛♣❡rt✉r❡✱ ❞❡✜♥❡❞ ❜② H =<−q · 12η lx

∆P
>1/3✱

✐s ❢♦r ❝❛s❡ ✭✐✮ H = 0.7 ❝♠✱ ❛♥❞ ❢♦r ❝❛s❡ ✭✐✐✮ H = 0.9 ❝♠✱ ✇❤✐❝❤ ♠❡❛♥s
t❤❛t t❤♦s❡ ❢r❛❝t✉r❡s ❛r❡ ❧❡ss ♣❡r♠❡❛❜❧❡ t❤❛♥ ♣❛r❛❧❧❡❧ ♣❧❛t❡s s❡♣❛r❛t❡❞ ❜② ❛
❝♦♥st❛♥t ❛♣❡rt✉r❡ A = 1 ❝♠✳ ❋r♦♠ st✉❞✐❡s ♣r❡✈✐♦✉s❧② ♠❛❞❡ ♦♥ ♥✉♠❡r♦✉s
s❡❧❢✲❛✣♥❡ ❢r❛❝t✉r❡s ✭❡✳❣✳ ❇r♦✇♥ ✭✶✾✽✼✮❀ ▼é❤❡✉st ❛♥❞ ❙❝❤♠✐tt❜✉❤❧ ✭✷✵✵✶✮❀
◆❡✉✈✐❧❧❡ ❡t ❛❧✳ ✭✷✵✶✵✮✮✱ ✐t ✐s ❦♥♦✇♥ t❤❛t t❤❡ ❤②❞r❛✉❧✐❝ ❛♣❡rt✉r❡ ❢♦r ❛ ❢r❛❝t✉r❡
✇✐t❤ σ/A > 0.45 ❛♥❞ A = 1 ❝♠ ✐s ❧✐❦❡❧② t♦ ❜❡ H ≃ 0.9 ❝♠ ✉♥❞❡r ❧✉❜r✐✲
❝❛t✐♦♥ ❤②♣♦t❤❡s✐s✳ ❈♦✉♥t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✈✐s✐❜❧❡ ♦♥
t❤❡ ❝♦r❡ ❢♦r ❢r❛❝t✉r❡❞ ✉♥✐t ✶✱ ✇❤✐❝❤ ✐s t❤❡ ✉♥✐t ✇❤❡r❡ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s
❛r❡ ♥✉♠❡r♦✉s✱ ✇❡ ❣❡t ❛♣♣r♦①✐♠❛t❡❧② ✜✈❡ ❞✐s❝♦♥t✐♥✉✐t✐❡s ♦✈❡r ✜✈❡ ♠❡t❡rs✱ ✐✳❡✳
❛ ❞❡♥s✐t② Nmax

s ≃ 1 s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t② ♣❡r ♠❡t❡r✳ ❍♦✇❡✈❡r ✐t ✐s ♥♦t s✉r❡
t❤❛t ❛❧❧ t❤❡ ❢r❛❝t✉r❡s ✇✐❧❧ ❜❡ r❡✲♦♣❡♥ ❛t t❤❡ s❛♠❡ t✐♠❡✳ ■❢ ♦♥❧② ♦♥❡ s✉❝❤
❢r❛❝t✉r❡ r❡✲♦♣❡♥ ❛❧♦♥❣ t❤❡ ❝♦r❡ ✐♥ ✉♥✐t ✶✱ t❤❡♥ N1

s = 0.2 s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t②
♣❡r ♠❡t❡r✱ ✇❤✐❝❤ ✐♠♣❧✐❡s k = 10−8♠2 ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✉r❡❞ ♠❛r❧✳
❚❤✐s ✈❛❧✉❡ ✐s s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r t❤❛♥ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ♦❢ ❤❡ ♦♣❡♥ ❢r❛❝t✉r❡
✭k = 10−9✮✳ ❆s s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s s❤♦✇ ❛ ♠✉❧t✐♣❧❡ ❧❛②❡r str✉❝t✉r❡ ✭s❡❡
s❡❝t✐♦♥ ✸ ✐♥ ♣❛♣❡r ✶✮✱ ♦♥❡ ❝♦✉❧❞ ❛❧s♦ ❝♦♥❝❡✐✈❡ t❤❛t ♦♥❧② ♣❛rt ♦❢ t❤❡ ❧❛②❡rs
✇♦✉❧❞ ❜❡ ❞✐ss♦❧✈❡s✱ ♣r♦✈✐❞✐♥❣ t❤✐♥♥❡r ❛♣❡rt✉r❡✳

✷✵



❋✐❣✉r❡ ✶✹✿ ❙q✉❛r❡ ♠❛♣ ♦❢ ✭✐✮ ❛ s②♥t❤❡t✐❝ ❛♣❡rt✉r❡ ✜❡❧❞ ✇✐t❤ ζ = 0.8✱ σ =
0.46 ❝♠✱ ❛♥❞ A = 1 ❝♠ ❛♥❞ ✭✐✐✮ ❛♥ ❡①tr❛❝t ♦❢ t❤❡ ❛♣❡rt✉r❡ ✜❡❧❞ ❈✶✹✱ ✇✐t❤
ζ = 0.8✱ σ/A = 0.3✳ ❚❤❡ ♣❧❛♥❡ ❝♦♦r❞✐♥❛t❡s ❛r❡ ✐♥ ♠♠ ❛♥❞ t❤❡ ❛♣❡rt✉r❡ ✜❡❧❞
✐s s❤♦✇♥ ✐♥ ❝♠✳ ❉❛r❦ ❛r❡❛s ❝♦rr❡s♣♦♥❞ t♦ t❤✐♥♥❡r ❛♣❡rt✉r❡s ✇❤✐❧❡ ❧✐❣❤t ❛r❡❛s
❝♦rr❡s♣♦♥❞ t♦ ❧❛r❣❡r ❛♣❡rt✉r❡s✳

❋✐❣✉r❡ ✶✺✿ ▼❛♣ ♦❢ t❤❡ ♥♦r♠❛❧✐③❡❞ ❤②❞r❛✉❧✐❝ ✢♦✇ ❝♦♠♣✉t❡❞✱ ❢r♦♠ ✭✐✮ t❤❡
s②♥t❤❡t✐❝ ❛♣❡rt✉r❡ ✜❡❧❞ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✹✱ ❛♥❞ ✭✐✐✮ t❤❡ r❡❛❧ ✜❡❧❞ s❤♦✇♥ ✐♥
❋✐❣✳ ✶✹✳ ❚❤❡ ♣❧❛♥❡ ❝♦♦r❞✐♥❛t❡s ❛r❡ ✐♥ ♠♠ ❛♥❞ t❤❡ ❤②❞r❛✉❧✐❝ ✢♦✇ ✜❡❧❞ ✐♥
❛r❜✐tr❛r② ✉♥✐ts ✭❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t✮✳ ❚❤❡ ❛✈❡r❛❣❡ ❤②❞r❛✉❧✐❝
❛♣❡rt✉r❡ ♦❢ t❤❡s❡ ✜❡❧❞s ❛r❡ ✭✐✮ H = 0.68 ❝♠ ❛♥❞ ✭✐✐✮ H = 0.9 ❝♠✳ ❉❛r❦
❛r❡❛s ❝♦rr❡s♣♦♥❞ t♦ q✉❛s✐✲st❛t✐❝ ✢✉✐❞ ✇❤✐❧❡ ❧✐❣❤t ❛r❡❛s ❝♦rr❡s♣♦♥❞ t♦ ❧❛r❣❡r
❤②❞r❛✉❧✐❝ ✢♦✇✳

✷✶



✺ ❈♦♥❝❧✉s✐♦♥

❚✇♦ t❡❝❤♥✐q✉❡s ❢♦r t❤❡ ❛♣❡rt✉r❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❤❛✈❡ ❜❡❡♥
❞❡✈❡❧♦♣❡❞✳ ❚❤❡ ✜rst ♦♥❡✱ ❛❞❛♣t❡❞ t♦ ❢✉❧❧② ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❛t t❤❡ s❝❛❧❡ ♦❢
t❤❡ ❝♦r❡ ❧♦❣✱ ✐s ❜❛s❡❞ ♦♥ ❝♦rr❡❧❛t✐♥❣ t❤❡ ❞❡t❛✐❧❡❞ ♠♦r♣❤♦❧♦❣② ♦❢ t❤❡✐r s✐❞❡s✳
❯s✐♥❣ t❤✐s ♠❡t❤♦❞✱ t❤❡ ❛♣❡rt✉r❡ ♦❢ ♦♥❡ ♦❢ t❤❡ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❧♦❝❛t❡❞
✐♥ t❤❡ ♠❛r❧ ❜❡❞r♦❝❦ ♦❢ ❉r❛✐① ❤❛s ❜❡❡♥ ❞❡t❡r♠✐♥❡❞✱ t♦❣❡t❤❡r ✇✐t❤ ✐♥✈❛r✐❛♥❝❡
♣r♦♣❡rt✐❡s✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ❛❞❛♣t❡❞ t♦ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s✳ ❚❤❡ t❤✐❝❦✲
♥❡ss ♦❢ ❛ s✉❝❤ ♦♥❡ ❞✐s❝♦♥t✐♥✉✐t② ✇❛s ❛❧s♦ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ♠❡❛s✉r❡♠❡♥ts ♦❢
t❤❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥s ✇✐t❤ ❛ ❧❛s❡r ♣r♦✜❧❡r✳ ❚❤❡ r❡❧❛t✐✈❡ s♣❛t✐❛❧ ♣♦s✐t✐♦♥✐♥❣ ♦❢
t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ❡❧❡✈❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✇❛s ♥❡❝❡ss❛r② ❢♦r r❡❝♦♥str✉❝t✐♥❣
t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ✈❡✐♥✱ ❛♥❞ ✇❛s ❡♥s✉r❡❞ ❜② ❞♦❝❦✐♥❣ t❤❡ r♦❝❦ s❛♠♣❧❡ ✐♥t♦ ❛
r✐❣✐❞ ❢r❛♠❡ ✇✐t❤ ❛ ❦♥♦✇♥ ❣❡♦♠❡tr②✳ ❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡
r♦✉❣❤♥❡ss ❛♥❞ t❤❡ ♠❡❛♥ ❛♣❡rt✉r❡ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ✈❡r② s♠❛❧❧ ❢♦r t❤❡ ♦♣❡♥
❞✐s❝♦♥t✐♥✉✐t②✱ ❝♦♥tr❛r② t♦ ✇❤❛t ✇❛s ♦❜t❛✐♥❡❞ ❢♦r❡ t❤❡ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t②✳
❚❤❡ s❝❛❧✐♥❣ ❧❛✇s ♦❢ t❤❡ ❛♣❡rt✉r❡ ❛♥❞ t❤✐❝❦♥❡ss ♦❢ r❡s♣❡❝t✐✈❡❧② t❤❡ ♦♣❡♥ ❛♥❞
s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✇❡r❡ ❛❧s♦ ♦❜t❛✐♥❡❞✳ ❚❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ✈❡✐♥ ✐s s❡❧❢✲
❛✣♥❡✱ ✇✐t❤ s✐♠✐❧❛r ❍✉rst ❛♥❞ ♣r❡❢❛❝t♦r ✈❛❧✉❡s ❛s t❤❡ ♦♥❡s ♦❢ ✐ts s✐❞❡s✳ ❖♥
t❤❡ ❝♦♥tr❛r②✱ t❤❡ ♦♣❡♥ ❞✐s❝♦♥t✐♥✉✐t② ♣r❡s❡♥ts t✇♦ ♥♦♥ ✐♥❞❡♣❡♥❞❡♥t s❡❧❢✲❛✣♥❡
s✉r❢❛❝❡s✱ ❧❡❛❞✐♥❣ t♦ ❛♥ ❛♣❡rt✉r❡ ✇❤✐❝❤ ✐s ♦♥❧② s❡❧❢✲❛✣♥❡ ❛t ✈❡r② s♠❛❧❧ s❝❛❧❡s
❛♥❞ ✉♥❝♦rr❡❧❛t❡❞ ❛t ❧❛r❣❡r s❝❛❧❡s✳ ❋r♦♠ t❤❡s❡ ❣❡♦♠❡tr✐❝❛❧ ♣r♦♣❡rt✐❡s✱ ♠❛❝r♦✲
s❝♦♣✐❝ ❤②❞r❛✉❧✐❝ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s ♦❢ ♦♣❡♥ ❛♥❞ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❝♦✉❧❞
❜❡ ❛ss❡ss❡❞ ✉s✐♥❣✱ ✐♥ t❤❡ ✜rst ❝❛s❡✱ ❛ s✐♠♣❧❡ ♣❧❛♥❛r ❢r❛❝t✉r❡ ♠♦❞❡❧✱ ❛♥❞✱ ✐♥
t❤❡ s❡❝♦♥❞ ❝❛s❡✱ ✜♥✐t❡ ❡❧❡♠❡♥t s✐♠✉❧❛t✐♦♥s ❢♦r s❡❧❢✲❛✣♥❡ ❛♣❡rt✉r❡s✳ ❚❤✐s ❛❧✲
❧♦✇❡❞ ✉s t♦ ❝♦♠❡ t♦ ❛♥ ❡st✐♠❛t❡ ♦❢ ♠❛❝r♦s❝♦♣✐❝ ♣❡r♠❡❛❜✐❧✐t② ✈❛❧✉❡s ❢♦r t❤❡s❡
s❡ts ♦❢ ❞✐s❝♦♥t✐♥✉✐t✐❡s✿ k = 10−9 ♠2 ❢♦r t❤❡ ♦♣❡♥❡❞ ♦♥❡s✱ ❛♥❞ ♣♦t❡♥t✐❛❧❧②
k = 10−8 ♠2 ❢♦r t❤❡ ♦♥❡s ❝✉rr❡♥t❧② s❡❛❧❡❞✱ ✐♥ ❝❛s❡ t❤❡ ♠❛t❡r✐❛❧ ✐♥s✐❞❡ ✇♦✉❧❞
❞✐ss♦❧✈❡❞ ♦r ✇❛s❤❡❞ ❛✇❛②✳ ■t ♠❡❛♥s t❤❛t t❤❡ ❢r❛❝t✉r❡❞ ♠❛r❧ ✐s ♣♦t❡♥t✐❛❧❧②
❤✐❣❤❧② ♣❡r♠❡❛❜❧❡✳

❚❤❡ ❛✉t❤♦rs ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❏♦sé ❖rt❡❣❛ ❢♦r ❤✐s ❤❡❧♣ ❢♦r t❤❡ ❣❡♦❧♦❣✐❝❛❧
❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝♦r❡✳ ❲❡ ❛❧s♦ t❤❛♥❦ ❏❡❛♥✲P❤✐❧❧✐♣❡ ▼❛❧❡t ❛♥❞ ❆❧❡①❛♥❞r❡
❘❡♠❛îtr❡ ❢♦r ✉s❡❢✉❧ ✐♥❞✐❝❛t✐♦♥s ❛❜♦✉t ❉r❛✐① ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s✱ ❛s ✇❡❧❧ ❛s
●ré❣♦r② ❇✐è✈r❡ ❢♦r ❤❡❧♣❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❙❈✶ ❞r✐❧❧✐♥❣✳

✻ ❆♣♣❡♥❞✐①✿ ❊①♣❡r✐♠❡♥t❛❧ ♣r♦t♦❝♦❧ t♦ ❝❤❛♥❣❡

❢r❛♠❡s ✇❤❡♥ ♠❡❛s✉r✐♥❣ t❤❡ ❛♣❡rt✉r❡ ✉s✐♥❣

t❤❡ t♦♣♦❣r❛♣❤② ♦❢ ❛ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t②

❚❤✐s ✐s ❛♥ ❛♣♣❡♥❞✐① t♦ s❡❝t✐♦♥ ✷✳✷✱ ✇❤❡r❡ ✐t ✐s ❡①♣❧❛✐♥❡❞ ❤♦✇ t♦ r❡❝♦♥str✉❝t
t❤❡ ❛♣❡rt✉r❡ ♦❢ ❛ s❡❛❧❡❞ ❞✐s❝♦♥t✐♥✉✐t② ❢r♦♠ t♦♣♦❣r❛♣❤② ♠❡❛s✉r❡♠❡♥t ♦❢ ✐ts
s✉r❢❛❝❡s✳ ❚❤✐s ✐s ❛❝❤✐❡✈❡❞ ✐❢ ❜♦t❤ t♦♣♦❣r❛♣❤② ♠❡❛s✉r❡♠❡♥ts s❤❛r❡ ❛ ❝♦♠♠♦♥
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r❡❢❡r❡♥❝❡ ❢r❛♠❡✱ ✇❤✐❝❤ ♠❛② ❜❡ ❛❞❡q✉❛t❡❧② ❞♦♥❡ ❜② ✇❡❞❣✐♥❣ t❤❡ ✈❡✐♥ ✐♥t♦ ❛
r✐❣✐❞ ❜♦① ♦❢ ❦♥♦✇♥ ❣❡♦♠❡tr②✳ ■❢ t❤❡ ❜♦① ✐s ❛ tr✉❧② r❡❝t❛♥❣✉❧❛r ♣❛r❛❧❧❡❧❡♣✐♣❡❞
❜♦① ❣r❡❛t❧② ❡❛s❡s t❤❡ ♣r♦❝❡❞✉r❡✱ t❤❛t ✐s ✇❡ ✇✐❧❧ ❞❡t❛✐❧❡❞ ❤❡r❡✳ ❋✐rst✱ t❤❡
t♦♣♦❣r❛♣❤② ♦❢ ♦♥❡ s✉r❢❛❝❡ ✭❝❛❧❧❡❞ t♦♣✱ s❛②✮ ✐s ❞❡t❡r♠✐♥❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡
❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ❜♦① ✭A1 B1 C1 D1✱ ❋✐❣✳ ✶✻ t♦♣ ❧❡❢t✮✳ ❙❡❝♦♥❞✱ t❤❡ ❜♦① ✐s
✢✐♣♣❡❞ ✉♣s✐❞❡ ❞♦✇♥ ❛♥❞ t❤❡ t♦♣♦❣r❛♣❤② ♦❢ t❤❡ ♦t❤❡r s✉r❢❛❝❡ ✭❜♦tt♦♠✮ ✐s s✐♠✲
✐❧❛r❧② ♠❡❛s✉r❡❞ ✭❋✐❣✳ ✶✻✱ st❡♣ ✐✮✳ ■t ✐s t❤❡♥ ♣♦ss✐❜❧❡ t♦ tr❛♥s❢♦r♠ ❝♦♦r❞✐♥❛t❡s
❢r♦♠ t❤❡ ❣❧♦❜❛❧ ❢r❛♠❡ ✕ ❣✐✈❡♥ ❜② t❤❡ ♣r♦✜❧❡r ✕ t♦ t❤❡ ❧♦❝❛❧ ❢r❛♠❡s R1 ❛♥❞
R2✱ ✇❤❡r❡ R1 ❛♥❞ R2 ❛r❡ t❤❡ ❢r❛♠❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤✱ r❡s♣❡❝t✐✈❡❧②✱ t❤❡ t♦♣
❛♥❞ ❜♦tt♦♠ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ❜♦①✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣s✳ ✺ ❛♥❞ ✻✳ ❲✐t❤ ❛ ♣❛r✲
❛❧❧❡❧❡♣✐♣❡❞ ❜♦①✱ ✐t s✐♠♣❧② r❡♠❛✐♥s t♦ ❜r✐♥❣ A1 B1 C1 D1 ✐♥ ❝♦rr❡s♣♦♥❞❡♥❝❡
✇✐t❤ A2 B2 C2 D2 ✭❝♦rr❡s♣♦♥❞✐♥❣ ♣♦✐♥ts ♦❢ t❤❡ t♦♣ s✉r❢❛❝❡✮✱ t❤✉s ♦❜t❛✐♥✐♥❣
♥❡✇ s❡t (x”p, y”p, z”p) ♦❢ ❝♦♦r❞✐♥❛t❡s ❢♦r t❤❡ t♦♣ s✉r❢❛❝❡✳ ❚❤✐s ✐s ❞♦♥❡ ✇✐t❤
❛ r♦t❛t✐♦♥ ♦❢ 180➦ ❛r♦✉♥❞ t❤❡ y − ❛①✐s ♦❢ t❤❡ t♦♣ s✉r❢❛❝❡ ✭❋✐❣✳ ✶✻✱ st❡♣ ✐✐✮✱
❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥✲♣❧❛♥❡ tr❛♥s❧❛t✐♦♥ ❛♥❞ r♦t❛t✐♦♥ ✭❋✐❣✳ ✶✻✱ st❡♣ ✐✐✐✮✳ ❋✐♥❛❧❧②✱
❦♥♦✇✐♥❣ t❤❡ ❜♦✇ t❤✐❝❦♥❡ss✱ t❤❡ ❛♣❡rt✉r❡ ❝❛♥ ❜❡ ❞❡❞✉❝❡❞ ❜② ❛♥ ❛♣♣r♦♣r✐❛t❡
s✉❜tr❛❝t✐♦♥ ♦❢ t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ♠❡❛s✉r❡♠❡♥ts✳

❋✐❣✉r❡ ✶✻✿ ❙❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥s t♦ ❜❡ ♣❡r❢♦r♠❡❞✱ st❡♣ ❜②
st❡♣✱ t♦ ❜r✐♥❣ ❜♦t❤ ♠❡❛s✉r❡❞ t♦♣♦❣r❛♣❤✐❡s ✐♥ ❛ ❝♦♠♠♦♥ ❢r❛♠❡✳ ❚❤❡ s❛♠♣❧❡
❛♥❞ t❤❡ ❜♦① ❛r❡ ✈✐❡✇❡❞ ❢r♦♠ t❤❡ t♦♣ ✭s❛♠❡ ❛s t❤❡ ♣r♦✜❧❡r ✈✐❡✇✮✳

❘❡❢❡r❡♥❝❡s

❆❧✲❨❛❛r✉❜✐✱ ❆✳✱ P❛✐♥✱ ❈✳✱ ●r❛tt♦♥✐✱ ❈✳✱ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ❘✳ ✭✷✵✵✺✮✳ ◆❛✈✐❡r✲
❙t♦❦❡s s✐♠✉❧❛t✐♦♥s ♦❢ ✢✉✐❞ ✢♦✇ t❤r♦✉❣❤ ❛ r♦❝❦ ❢r❛❝t✉r❡✳ ■♥ ❋❛②❜✐s❤❡♥❦♦✱ ❇✳✱
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❲✐t❤❡rs♣♦♦♥✱ P✳✱ ❛♥❞ ●❛❧❡✱ ❏✳✱ ❡❞✐t♦rs✱ ❉②♥❛♠✐❝s ♦❢ ❋❧✉✐❞s ❛♥❞ ❚r❛♥s♣♦rt
✐♥ ❋r❛❝t✉r❡❞ ❘♦❝❦s✱ ✈♦❧✉♠❡ ✶✻✷✱ ♣❛❣❡s ✺✺✕✻✹✳ ❆♠❡r✐❝❛♥ ●❡♦♣❤②s✐❝❛❧
❯♥✐♦♥✱ ❲❛s❤✐♥❣t♦♥✱ ❉❈✳ ❆●❯ ▼♦♥♦❣r❛♣❤✳

❆✉r❛❞♦✉✱ ❍✳✱ ❉r❛③❡r✱ ●✳✱ ❇♦s❝❤❛♥✱ ❆✳✱ ❍✉❧✐♥✱ ❏✳✲P✳✱ ❛♥❞ ❑♦♣❧✐❦✱ ❏✳ ✭✷✵✵✻✮✳
❋❧♦✇ ❝❤❛♥♥❡❧✐♥❣ ✐♥ ❛ s✐♥❣❧❡ ❢r❛❝t✉r❡ ✐♥❞✉❝❡❞ ❜② s❤❡❛r ❞✐s♣❧❛❝❡♠❡♥t✳
●❡♦t❤❡r♠✐❝s✱ ✸✺✭✺✕✻✮✿✺✼✻✕✺✽✽✳

❆✉r❛❞♦✉✱ ❍✳✱ ❉r❛③❡r✱ ●✳✱ ❍✉❧✐♥✱ ❏✳ P✳✱ ❛♥❞ ❑♦♣❧✐❦✱ ❏✳ ✭✷✵✵✺✮✳ P❡r♠❡❛❜✐❧✲
✐t② ❛♥✐s♦tr♦♣② ✐♥❞✉❝❡❞ ❜② t❤❡ s❤❡❛r ❞✐s♣❧❛❝❡♠❡♥t ♦❢ r♦✉❣❤ ❢r❛❝t✉r❡ ✇❛❧❧s✳
❲❛t❡r ❘❡s♦✉r❝❡s ❘❡s❡❛r❝❤✱ ✹✶✭✾✮✿✶✕✶✵✳

❇r♦✇♥✱ ▲✳ ●✳ ✭✶✾✾✷✮✳ ❙✉r✈❡② ♦❢ ✐♠❛❣❡ r❡❣✐str❛t✐♦♥ t❡❝❤♥✐q✉❡s✳ ❆❈▼
❈♦♠♣✉t✐♥❣ ❙✉r✈❡②s✱ ✷✹✭✹✮✿✸✷✺✕✸✼✻✳

❇r♦✇♥✱ ❙✳ ✭✶✾✾✺✮✳ ❙✐♠♣❧❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ♦❢ ❛ r♦✉❣❤ ❢r❛❝t✉r❡✳ ❏♦✉r♥❛❧
♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✶✵✵✭❇✹✮✿✺✾✹✶✕✺✾✺✷✳

❇r♦✇♥✱ ❙✳ ❘✳ ✭✶✾✽✼✮✳ ❋❧✉✐❞ ✢♦✇ t❤r♦✉❣❤ r♦❝❦ ❥♦✐♥ts✿ ❚❤❡ ❡✛❡❝t ♦❢ s✉r❢❛❝❡
r♦✉❣❤♥❡ss✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✾✷✭❇✷✮✿✶✸✸✼✕✶✸✹✼✳

❉r❛③❡r✱ ●✳ ❛♥❞ ❑♦♣❧✐❦✱ ❏✳ ✭✷✵✵✷✮✳ ❚r❛♥s♣♦rt ✐♥ r♦✉❣❤ s❡❧❢✲❛✣♥❡ ❢r❛❝t✉r❡s✳
P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❊✱ ✻✻✿✵✷✻✸✵✸✳

❋r❡ss❛r❞✱ ▼✳✱ ▼❛q✉❛✐r❡✱ ❖✳✱ ▼❛❧❡t✱ ❏✳ P✳✱ ❑❧♦t③✱ ❙✳✱ ❛♥❞ ●r❛♥❞❥❡❛♥✱ ●✳ ✭✷✵✵✾✮✳
▼♦r♣❤♦✲str✉❝t✉r❡ ❛♥❞ tr✐❣❣❡r✐♥❣ ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ▲❛✈❛❧ ❧❛♥❞s❧✐❞❡ ❞❡✈❡❧✲
♦♣❡❞ ✐♥ ❝❧❛②✲s❤❛❧❡s✱ ❉r❛✐① ❝❛t❝❤♠❡♥t ✭❙♦✉t❤ ❋r❡♥❝❤ ❆❧♣s✮✳ ■♥ ❏✳ P✳ ▼❛❧❡t✱
❆✳ ❘✳ ❛♥❞ ❇♦❣❛❛r❞✱ ❚✳✱ ❡❞✐t♦rs✱ ▲❛♥❞s❧✐❞❡ ♣r♦❝❡ss❡s✳ ❋r♦♠ ❣❡♦♠♦r♣❤♦❧♦❣✐❝
♠❛♣♣✐♥❣ t♦ ❞②♥❛♠✐❝ ♠♦❞❡❧❧✐♥❣✳✱ ♣❛❣❡s ✶✶✶✕✶✶✹✱ ❋r❛♥❝❡✳ ❈❊❘●✱ ❙tr❛s✲
❜♦✉r❣✳

●❡♥t❡r✱ ❆✳ ❛♥❞ ❚r❛✐♥❡❛✉✱ ❍✳ ✭✶✾✾✻✮✳ ❆♥❛❧②s✐s ♦❢ ♠❛❝r♦s❝♦♣✐❝ ❢r❛❝t✉r❡s ✐♥
❣r❛♥✐t❡ ✐♥ t❤❡ ❍❉❘ ❣❡♦t❤❡r♠❛❧ ✇❡❧❧ ❊P❙✲✶✱ ❙♦✉❧t③✲s♦✉s✲❋♦rêts✱ ❢r❛♥❝❡✳
❏♦✉r♥❛❧ ♦❢ ❱♦❧❝❛♥♦❧♦❣② ❛♥❞ ●❡♦t❤❡r♠❛❧ ❘❡s❡❛r❝❤✱ ✼✷✭✶✕✷✮✿✶✷✶✕✶✷✹✳

●❡♥t✐❡r✱ ❙✳ ❙✳ ❛♥❞ ❍♦♣❦✐♥s✱ ❉✳ ▲✳ ✭✶✾✾✼✮✳ ▼❛♣♣✐♥❣ ❢r❛❝✲
t✉r❡ ❛♣❡rt✉r❡ ❛s ❢✉♥❝t✐♦♥ ♦❢ ♥♦r♠❛❧ str❡ss ✉s✐♥❣ ❛ ❝♦♠❜✐✲
♥❛t✐♦♥ ♦❢ ❝❛st✐♥❣✱ ✐♠❛❣❡ ❛♥❛❧②s✐s ❛♥❞ ♠♦❞❡❧✐♥❣ t❡❝❤♥✐q✉❡s✳
■♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ r♦❝❦ ♠❡❝❤❛♥✐❝s ❛♥❞ ♠✐♥✐♥❣ s❝✐❡♥❝❡s ✫ ❣❡♦♠❡❝❤❛♥✐❝s ❛❜str❛❝ts✱
✸✹✭✸✲✹✮✿✸✺✾✳

●❧♦✈❡r✱ P✳✱ ▼❛ts✉❦✐✱ ❑✳✱ ❍✐❦✐♠❛✱ ❘✳✱ ❛♥❞ ❍❛②❛s❤✐✱ ❑✳ ✭✶✾✾✽✮✳ ❙②♥t❤❡t✐❝
r♦✉❣❤ ❢r❛❝t✉r❡s ✐♥ r♦❝❦s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ❇✿ ❙♦❧✐❞ ❊❛rt❤✱
✶✵✸✭✺✮✿✾✻✵✾✕✾✻✷✵✳

❍❛❦❛♠✐✱ ❊✳ ❛♥❞ ▲❛rss♦♥✱ ❊✳ ✭✶✾✾✻✮✳ ❆♣❡rt✉r❡ ▼❡❛s✉r❡✲
♠❡♥ts ❛♥❞ ❋❧♦✇ ❊①♣❡r✐♠❡♥ts ♦♥ ❛ ❙✐♥❣❧❡ ◆❛t✉r❛❧ ❋r❛❝t✉r❡✳
■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❘♦❝❦ ▼❡❝❤❛♥✐❝s ✫ ▼✐♥✐♥❣ ❙❝✐❡♥❝❡s✱ ✸✸✭✹✮✿✸✾✺✕
✹✵✹✳

■s❛❦♦✈✱ ❊✳✱ ❖❣✐❧✈✐❡✱ ❙✳ ❘✳✱ ❚❛②❧♦r✱ ❈✳ ❲✳✱ ❛♥❞ ●❧♦✈❡r✱ P✳ ❲✳ ❏✳ ✭✷✵✵✶✮✳ ❋❧✉✐❞

✷✹



✢♦✇ t❤r♦✉❣❤ r♦✉❣❤ ❢r❛❝t✉r❡s ✐♥ r♦❝❦s ✐✿ ❍✐❣❤ r❡s♦❧✉t✐♦♥ ❛♣❡rt✉r❡ ❞❡t❡r♠✐✲
♥❛t✐♦♥s✳ ❊❛rt❤ ❛♥❞ P❧❛♥❡t❛r② ❙❝✐❡♥❝❡ ▲❡tt❡rs✱ ✶✾✶✭✸✲✹✮✿✷✻✼✕✷✽✷✳

▲❡❡✱ ❍✳ ❛♥❞ ❈❤♦✱ ❚✳ ✭✷✵✵✷✮✳ ❍②❞r❛✉❧✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢
r♦✉❣❤ ❢r❛❝t✉r❡s ✐♥ ❧✐♥❡❛r ✢♦✇ ✉♥❞❡r ♥♦r♠❛❧ ❛♥❞ s❤❡❛r ❧♦❛❞✳
❘♦❝❦ ▼❡❝❤❛♥✐❝s ❛♥❞ ❘♦❝❦ ❊♥❣✐♥❡❡r✐♥❣✱ ✸✺✭✹✮✿✷✾✾✕✸✶✽✳

▲♦✜✱ ❏✳✱ P❡③❛r❞✱ P✳✱ ▲♦❣❣✐❛✱ ❉✳✱ ●❛r❡❧✱ ❊✳✱ ●❛✉t✐❡r✱ ❙✳✱ ▼❡rr②✱ ❈✳✱ ❛♥❞ ❇♦♥❞✲
❛❜♦✉✱ ❑✳ ✭✷✵✵✾✮✳ P❡tr♦♣❤②s✐❝❛❧✱ ❜♦r❡❤♦❧❡ ❣❡♦♣❤②s✐❝s ❛♥❞ ❣❡♦❧♦❣✐❝❛❧ ❝❤❛r❛❝✲
t❡r✐③❛t✐♦♥ ♦❢ t❡❝t♦♥✐③❡❞ ❝❧❛② s❤❛❧❡s ❞r✐❧❧❡❞ ❛t ❉r❛✐① ✭s♦✉t❤❡r♥ ❋r❡♥❝❤ ❆❧♣s✮✳
❍②❞r♦❧♦❣✐❝❛❧ Pr♦❝❡ss❡s✱ ❙♣❡❝✐❛❧ ✐ss✉❡✱ ❤②❞r♦❧♦❣② ♦❢ ❝❧❛② s❤❛❧❡s ❛♥❞ ❝❧❛②❡②
s❡❞✐♠❡♥ts✳

▼é❤❡✉st✱ ❨✳ ❛♥❞ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳ ✭✷✵✵✵✮✳ ❋❧♦✇ ❡♥❤❛♥❝❡♠❡♥t ♦❢ ❛ r♦✉❣❤
❢r❛❝t✉r❡✳ ●❘▲✱ ✷✼✿✷✾✽✾✕✷✾✾✷✳

▼é❤❡✉st✱ ❨✳ ❛♥❞ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳ ✭✷✵✵✶✮✳ ●❡♦♠❡tr✐❝❛❧ ❤❡t❡r♦❣❡♥❡✐t✐❡s
❛♥❞ ♣❡r♠❡❛❜✐❧✐t② ❛♥✐s♦tr♦♣② ♦❢ r♦✉❣❤ ❢r❛❝t✉r❡s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧
❘❡s❡❛r❝❤✱ ✶✵✻✭❇✷✮✿✷✵✽✾✕✷✵✶✷✳

▼é❤❡✉st✱ ❨✳ ❛♥❞ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳ ✭✷✵✵✸✮✳ ❙❝❛❧❡ ❡✛❡❝ts r❡❧❛t❡❞ t♦ ✢♦✇ ✐♥ r♦✉❣❤
❢r❛❝t✉r❡s✳ P✉r❡ ❛♥❞ ❆♣♣❧✐❡❞ ●❡♦♣❤②s✐❝s✱ ✶✻✵✭✺✲✻✮✿✶✵✷✸✕✶✵✺✵✳

▼✉r❛❧✐❞❤❛r✱ ❑✳ ✭✶✾✾✵✮✳ ❋❧♦✇ ❛♥❞ tr❛♥s♣♦rt ✐♥ s✐♥❣❧❡ r♦❝❦ ❢r❛❝t✉r❡s✳ ❏♦✉r♥❛❧
♦❢ ❋❧✉✐❞ ▼❡❝❤❛♥✐❝s✱ ✷✶✺✿✹✽✶✕✺✵✷✳ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✳

◆❡✉✈✐❧❧❡✱ ❆✳✱ ❚♦✉ss❛✐♥t✱ ❘✳✱ ❛♥❞ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳ ✭✷✵✵✾❛✮✳ ❋r❛❝t✉r❡ r♦✉❣❤✲
♥❡ss ❛♥❞ t❤❡r♠❛❧ ❡①❝❤❛♥❣❡✿ ❆ ❝❛s❡ st✉❞② ❛t ❙♦✉❧t③✲s♦✉s✲❋♦rêts✳ ❈♦♠♣t❡s
❘❡♥❞✉s ✲ ●❡♦s❝✐❡♥❝❡✳ ■♥ Pr❡ss✳

◆❡✉✈✐❧❧❡✱ ❆✳✱ ❚♦✉ss❛✐♥t✱ ❘✳✱ ❛♥❞ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳ ✭✷✵✶✵✮✳ ❍②❞r♦✲t❤❡r♠❛❧ ✢♦✇s
✐♥ ❛ s❡❧❢✲❛✣♥❡ r♦✉❣❤ ❢r❛❝t✉r❡✳ ❙✉❜♠✐tt❡❞ t♦ P❤②s✳ ❘❡✈✳ ❊✳

◆❡✉✈✐❧❧❡✱ ❆✳✱ ❚♦✉ss❛✐♥t✱ ❘✳✱ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳✱ ❑♦❡❤♥✱ ❉✳✱ ❛♥❞ ❙❝❤✇❛r③✱ ❏✳ ❖✳
✭✷✵✵✾❜✮✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ♠❛❥♦r ❞✐s❝♦♥t✐♥✉✐t✐❡s ❢r♦♠ ❜♦r❡❤♦❧❡ ❝♦r❡s ♦❢
t❤❡ ❜❧❛❝❦ ❝♦♥s♦❧✐❞❛t❡❞ ♠❛r❧ ❢♦r♠❛t✐♦♥ ♦❢ ❉r❛✐① ✭❋r❡♥❝❤ ❆❧♣s✮✳ ❍②❞r♦❧♦❣✐❝❛❧
Pr♦❝❡ss❡s✱ ❙♣❡❝✐❛❧ ✐ss✉❡✱ ❤②❞r♦❧♦❣② ♦❢ ❝❧❛② s❤❛❧❡s ❛♥❞ ❝❧❛②❡② s❡❞✐♠❡♥ts✳
❙✉❜♠✐tt❡❞✱ ✐♥ r❡✈✐s✐♦♥✳

◆♦✐r✐❡❧✱ ❈✳ ✭✷✵✵✺✮✳ ❈♦♥tr✐❜✉t✐♦♥ à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❡t à ❧❛
♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s ❝♦♥trô❧❛♥t ❧✬é✈♦❧✉t✐♦♥ ❣é♦❝❤✐♠✐q✉❡✱
str✉❝t✉r❛❧❡ ❡t ❤②❞r♦❞②♥❛♠✐q✉❡ ❞❡s r♦❝❤❡s ✜ss✉ré❡s ❝❛r❜♦♥❛té❡s✳ P❤❉ t❤❡✲
s✐s✱ ➱❝♦❧❡ ❞❡s ▼✐♥❡s ❞❡ P❛r✐s✳

❖❣✐❧✈✐❡✱ ❙✳✱ ■s❛❦♦✈✱ ❊✳✱ ❛♥❞ ●❧♦✈❡r✱ P✳ ✭✷✵✵✻✮✳ ❋❧✉✐❞ ✢♦✇ t❤r♦✉❣❤ r♦✉❣❤
❢r❛❝t✉r❡s ✐♥ r♦❝❦s ✐✐✿ ❆ ♥❡✇ ♠❛t❝❤✐♥❣ ♠♦❞❡❧ ❢♦r r♦✉❣❤ r♦❝❦ ❢r❛❝t✉r❡s✳
❊❛rt❤ ❛♥❞ P❧❛♥❡t❛r② ❙❝✐❡♥❝❡ ▲❡tt❡rs✱ ✷✹✶✭✸✲✹✮✿✹✺✹✕✹✻✺✳

P❧♦✉r❛❜♦✉é✱ ❋✳✱ ❍✉❧✐♥✱ ❏✳ P✳✱ ❘♦✉①✱ ❙✳✱ ❛♥❞ ❑♦♣❧✐❦✱ ❏✳ ✭✶✾✾✽✮✳ ◆✉♠❡r✐❝❛❧ st✉❞②
♦❢ ❣❡♦♠❡tr✐❝❛❧ ❞✐s♣❡rs✐♦♥ ✐♥ s❡❧❢✲❛✣♥❡ r♦✉❣❤ ❢r❛❝t✉r❡✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❊✱
✺✽✭✸✮✿✸✸✸✹✕✸✸✹✻✳
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P❧♦✉r❛❜♦✉é✱ ❋✳✱ ❑✉r♦✇s❦✐✱ P✳✱ ❍✉❧✐♥✱ ❏✳✲P✳✱ ❘♦✉①✱ ❙✳✱ ❛♥❞ ❙❝❤♠✐tt❜✉❤❧✱ ❏✳
✭✶✾✾✺✮✳ ❆♣❡rt✉r❡ ♦❢ r♦✉❣❤ ❝r❛❝❦s✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❊✱ ✺✶✭✸✮✿✶✻✼✺✕✶✻✽✺✳

P②r❛❦✲◆♦❧t❡✱ ▲✳✱ ❈♦♦❦✱ ◆✳✱ ❛♥❞ ◆♦t❡✱ ❉✳ ✭✶✾✽✽✮✳ ❋❧✉✐❞ ♣❡r❝♦❧❛t✐♦♥ t❤r♦✉❣❤
s✐♥❣❧❡ ❢r❛❝t✉r❡s✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡rs✱ ✶✺✭✶✶✮✿✶✷✹✼✕✶✷✺✵✳

❘♦✉①✱ ❙✳✱ P❧♦✉r❛❜♦✉é✱ ❋✳✱ ❛♥❞ ❍✉❧✐♥✱ ❏✳✲P✳ ✭✶✾✾✽✮✳ ❚r❛❝❡r ❞✐s♣❡rs✐♦♥ ✐♥ r♦✉❣❤
♦♣❡♥ ❝r❛❝❦s✳ ❚r❛♥s♣♦rt ✐♥ P♦r♦✉s ▼❡❞✐❛✱ ✸✷✭✶✮✿✾✼✕✶✶✻✳

❙❛❦❛❣✉❝❤✐✱ ❑✳✱ ❚♦♠♦♥♦✱ ❏✳✱ ❖❦✉♠✉r❛✱ ❑✳✱ ❖❣❛✇❛✱ ❨✳✱ ❛♥❞ ▼❛ts✉❦✐✱ ❑✳
✭✷✵✵✽✮✳ ❆s♣❡r✐t② ❤❡✐❣❤t ❛♥❞ ❛♣❡rt✉r❡ ♦❢ ❛♥ ❛rt✐✜❝✐❛❧✳ t❡♥s✐❧❡ ❢r❛❝t✉r❡ ♦❢
♠❡tr✐❝ s✐③❡✳ ❘♦❝❦ ▼❡❝❤❛♥✐❝s ❛♥❞ ❘♦❝❦ ❊♥❣✐♥❡❡r✐♥❣✱ ✹✶✭✷✮✿✸✷✺✕✸✹✶✳

❙❝❤♠✐tt❜✉❤❧✱ ❏✳✱ ❙t❡②❡r✱ ❆✳✱ ❏♦✉♥✐❛✉①✱ ▲✳✱ ❛♥❞ ❚♦✉ss❛✐♥t✱
❘✳ ✭✷✵✵✽✮✳ ❋r❛❝t✉r❡ ♠♦r♣❤♦❧♦❣② ❛♥❞ ✈✐s❝♦✉s tr❛♥s♣♦rt✳
■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❘♦❝❦ ▼❡❝❤❛♥✐❝s ✫ ▼✐♥✐♥❣ ❙❝✐❡♥❝❡s✱ ✹✺✿✹✷✷✕
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