
 

This is the author manuscript accepted for publication and has undergone full peer review but has 

not been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/mp.12682 

This article is protected by copyright. All rights reserved 

 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.1002/mp.12682�
https://doi.org/10.1002/mp.12682�
https://doi.org/10.1002/mp.12682�


❊①♣❡r✐♠❡♥t❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ●❛❢❈❤r♦♠✐❝r ❊❇❚✸ ✐♥tr✐♥s✐❝
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❆❜str❛❝t

P✉r♣♦s❡✿ ❚♦ ❞❡t❡r♠✐♥❡ ❡①♣❡r✐♠❡♥t❛❧❧② t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡✱ kbq✱ ♦❢ ❊❇❚✸

●❛❢❈❤r♦♠✐❝r r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠ ✇✐t❤ ❦✐❧♦✈♦❧t❛❣❡ ①✲r❛②s✱ ✶✸✼❈s✱ ❛♥❞ ✻✵❈♦ ✐♥ t❤❡r❛♣❡✉t✐❝ ❛♥❞

❞✐❛❣♥♦st✐❝ ❞♦s❡ r❛♥❣❡s t❤r♦✉❣❤ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ✇✐t❤ ❛♥ ❛❝❝♦♠♣❛♥②✐♥❣ ♠❛t❤❡♠❛t✐❝❛❧✶✺

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

▼❡t❤♦❞s✿ ❊❇❚✸ ✜❧♠ ✇❛s ✐rr❛❞✐❛t❡❞ t♦ ❦♥♦✇♥ ❞♦s❡s ✉s✐♥❣ ✻✵❈♦✱ ✶✸✼❈s✱ ❛♥❞ ✶✸ ◆■❙❚✲

♠❛t❝❤❡❞ ❦✐❧♦✈♦❧t❛❣❡ ①✲r❛② ❜❡❛♠s✳ ❙❡✈❡♥ ❞♦s❡ ❧❡✈❡❧s✱ r❛♥❣✐♥❣ ❢r♦♠ ✺✼ t♦ ✼✵✵✷♠●②✱ ✇❡r❡

❝❤♦s❡♥ ❢♦r t❤✐s ✇♦r❦✳ ▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞s ✇❡r❡ ✉s❡❞ t♦ ❝♦♥✈❡rt ❛✐r✲❦❡r♠❛ r❛t❡s t♦ ❞♦s❡

r❛t❡s t♦ t❤❡ ✜❧♠ ❛❝t✐✈❡ ❧❛②❡r ❢♦r ❡❛❝❤ ❡♥❡r❣②✳ ❆ t♦t❛❧ ♦❢ ✼✸✽ ✜❧♠ ❞♦s✐♠❡t❡rs✱ ❡❛❝❤ ♠❡❛s✉r✐♥❣✷✵

✭1.2 × 1.2✮ ❝♠✷✱ ✇❡r❡ ❝✉t ❢r♦♠ t❤r❡❡ ✜❧♠ s❤❡❡ts ♦✉t ♦❢ t❤❡ s❛♠❡ ❧♦t ♦❢ t❤❡ ❧❛t❡st ✈❡rs✐♦♥

♦❢ ❊❇❚✸ ✜❧♠✱ t♦ ❛❧❧♦✇ ❢♦r ♠✉❧t✐♣❧❡ ❞♦s✐♠❡t❡rs t♦ ❜❡ ✐rr❛❞✐❛t❡❞ ❜② ❡❛❝❤ t❛r❣❡t ❞♦s❡ ❛♥❞

❜❡❛♠ q✉❛❧✐t② ❛s ✇❡❧❧ ❛s ✉♥✐rr❛❞✐❛t❡❞ ❞♦s✐♠❡t❡rs t♦ ❜❡ ✉s❡❞ ❛s ❝♦♥tr♦❧s✳ ◆❡t ❝❤❛♥❣❡ ✐♥

♦♣t✐❝❛❧ ❞❡♥s✐t② ✐♥ ❡①❝❡ss ♦❢ t❤❡ ✉♥✐rr❛❞✐❛t❡❞ ❝♦♥tr♦❧s ✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡ ❯❲▼❘❘❈

▲❛s❡r ❉❡♥s✐t♦♠❡tr② ❙②st❡♠ ✭▲❉❙✮✳ ❚❤❡ ❞♦s✐♠❡t❡r ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡✱ kbq✱ ❢♦r ❡❛❝❤✷✺

❞♦s❡ ❧❡✈❡❧ ✇❛s ❞❡t❡r♠✐♥❡❞ r❡❧❛t✐✈❡ t♦ ✻✵❈♦✱ ❛s t❤❡ r❛t✐♦ ♦❢ ❞♦s✐♠❡t❡r r❡s♣♦♥s❡ t♦ ❡❛❝❤ ❜❡❛♠

q✉❛❧✐t② r❡❧❛t✐✈❡ t♦ t❤❡ ❛❜s♦r❜❡❞ ❞♦s❡ t♦ t❤❡ ✜❧♠ ❛❝t✐✈❡ ✈♦❧✉♠❡ ❛t t❤❡ s❛♠❡ ❞♦s❡ ❧❡✈❡❧✳ ❆

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

✇❤✐❝❤ ✐s ❛ ♣r♦♣♦rt✐♦♥❛❧✐t② ❝♦♥st❛♥t t❤❛t ✐s ❞❡♣❡♥❞❡♥t ♦♥ ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡s❝r✐❜❡s t❤❡

♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r ♦❢ ✜❧♠✳ ❚❤❡ r❡s♣♦♥s❡ ♦❢ β ❢♦r ❡❛❝❤✸✵

❜❡❛♠ q✉❛❧✐t② r❡❧❛t✐✈❡ t♦ ✻✵❈♦ ✇❛s ❛❧s♦ ❞❡t❡r♠✐♥❡❞✳

❘❡s✉❧ts✿ kbq ✇❛s ❞❡t❡r♠✐♥❡❞ ❢♦r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❞♦s❡s ❛♥❞ ❡♥❡r❣✐❡s✳ ❚❤❡ r❡s✉❧ts s❤♦✇

❛ ✉♥✐q✉❡ ✈❛r✐❛t✐♦♥ ♦❢ kbq ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❡♥❡r❣②✱ ❛♥❞ ❛❣r❡❡ ✇❡❧❧ ✇✐t❤ r❡s✉❧ts ❢r♦♠ ♦t❤❡r

✐♥✈❡st✐❣❛t✐♦♥s✳ ❚❤❡r❡ ✇❛s ♥♦ ♠❡❛s✉r❛❜❧❡ ❞♦s❡ ❞❡♣❡♥❞❡♥❝❡ ❢♦r kbq ✇✐t❤✐♥ t❤❡ ✺✵✵ t♦ ✼✵✵✷♠●②

r❛♥❣❡ ♦✉ts✐❞❡ ♦❢ t❤❡ ❡①♣❛♥❞❡❞ ♠❡❛s✉r❡♠❡♥t ✉♥❝❡rt❛✐♥t② ♦❢ ✸✳✻✺✪ ✭k❂✷✮✳ ❋♦r ❞♦s❡s ❧❡ss t❤❛♥✸✺

✺✵✵♠●②✱ t❤❡ s✐❣♥❛❧✲t♦✲♥♦✐s❡ r❛t✐♦ ✇❛s t♦♦ ❧♦✇ t♦ ❞❡t❡r♠✐♥❡ kbq ❛❝❝✉r❛t❡❧②✳ ❚❤❡ s✐♥❣❧❡✲❢r❡❡✲

♣❛r❛♠❡t❡r✱ β✱ ✜t ❝❛❧❝✉❧❛t✐♦♥s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧ s❤♦✇ ❛ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ kbq

t❤❛t s✉❣❣❡sts t❤❛t β✱ ❛t ❧❡❛st ✐♥ ♣❛rt✱ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s t❤❛t

❞❡t❡r♠✐♥❡ kbq✳

❈♦♥❝❧✉s✐♦♥s✿ ❋♦r t❤❡ ❜❡❛♠ q✉❛❧✐t✐❡s ✐♥✈❡st✐❣❛t❡❞✱ ❛ s✐♥❣❧❡ ❡♥❡r❣②✲❞❡♣❡♥❞❡♥t kbq✹✵
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❝♦rr❡❝t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❞♦s❡s ❜❡t✇❡❡♥ ✺✵✵ ❛♥❞ ✼✵✵✷♠●②✳ ❯s✐♥❣ t❤❡ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧

✇✐t❤ t❤❡ s✐♥❣❧❡✲❢r❡❡✲♣❛r❛♠❡t❡r ✜t t♦ s♦❧✈❡ ❢♦r β s❤♦✇s ♣r♦♠✐s❡ ✐♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡

✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ ✜❧♠✱ ✇✐t❤ β ❜❡✐♥❣ t❤❡ ♠❛t❤♠❛t✐❝❛❧ ❛♥❛❧♦❣ ♦❢ t❤❡ ♠❡❛s✉r❡❞ kbq✳

❑❡②✇♦r❞s✿ r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠✱ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✱ r❛❞✐❛t✐♦♥ ❞♦s✐♠❡tr②✱ ♠✐❝r♦❞♦s✐♠❡tr②✱✹✺

s✐♥❣❧❡✲❤✐t ♠♦❞❡❧

✸This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



■✳ ■◆❚❘❖❉❯❈❚■❖◆

❆s❤❧❛♥❞ ❙♣❡❝✐❛❧t② ■♥❣r❡❞✐❡♥ts ✭❇r✐❞❣❡✇❛t❡r✱ ◆❏✮ ♠❛♥✉❢❛❝t✉r❡s ❛ ✈❛r✐❡t② ♦❢ r❛✲

❞✐♦❝❤r♦♠✐❝ ✜❧♠s✱ ❦♥♦✇♥ ❝♦♠♠❡r❝✐❛❧❧② ❛s ●❛❢❈❤r♦♠✐❝❘© ✜❧♠s✱ ❢♦r ❛ r❛♥❣❡ ♦❢ r❛❞✐♦✲

t❤❡r❛♣② ❛♥❞ ❞✐❛❣♥♦st✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳ ❊❇❚✸ ✜❧♠✱ t❤❡ t❤✐r❞ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❊①t❡r♥❛❧✺✵

❇❡❛♠ ❚❤❡r❛♣② ❧✐♥❡✱ ✐s ♣r✐♠❛r✐❧② ❞❡s✐❣♥❡❞ ❢♦r ✐♥t❡♥s✐t② ♠♦❞✉❧❛t❡❞ r❛❞✐❛t✐♦♥ t❤❡r❛♣②

✭■▼❘❚✮ ♣❛t✐❡♥t ♣❧❛♥ ✈❡r✐✜❝❛t✐♦♥✳ ❖t❤❡r ❊❇❚ ❛♣♣❧✐❝❛t✐♦♥s ✐♥❝❧✉❞❡ ❜r❛❝❤②t❤❡r❛♣②✱✶✱✷

r❛❞✐♦❜✐♦❧♦❣②✱✸✱✹ ❛♥❞ ❈❚ ❞♦s✐♠❡tr②✱✺ ✇❛rr❛♥t✐♥❣ ❛❝❝✉r❛t❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❊❇❚ r❡✲

s♣♦♥s❡ ✐♥ ❧♦✇✲❡♥❡r❣② ❛♥❞ ❧♦✇✲❞♦s❡ s❡tt✐♥❣s✳ ❚❤❡ ❧❛t❡st ✈❡rs✐♦♥ ♦❢ ❊❇❚✸ ❝♦♥t❛✐♥s

❛♥ ❛❝t✐✈❡ ❧❛②❡r t❤❛t ✐s r❡❧❛t✐✈❡❧② ✇❛t❡r ❡q✉✐✈❛❧❡♥t ✭Zeff ≈ 7.5✮ s✉❝❤ t❤❛t t❤❡ ❞♦s❡ ❛❜✲✺✺

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

✇♦✉❧❞ ❜❡ ❞❡♣♦s✐t❡❞ ✐♥ ❛♥ ❡q✉✐✈❛❧❡♥t ✈♦❧✉♠❡ ♦❢ ✇❛t❡r✳ ❆t ❧♦✇❡r ❡♥❡r❣✐❡s✱ ❤♦✇❡✈❡r✱ t❤❡

✐♥❝r❡❛s❡❞ ❝r♦ss s❡❝t✐♦♥s ❢♦r ♣❤♦t♦❡❧❡❝tr✐❝ ✐♥t❡r❛❝t✐♦♥s ♥❡❣❛t❡ s✉❝❤ ✇❛t❡r ❡q✉✐✈❛❧❡♥❝❡

❞✉❡ t♦ t❤❡ str♦♥❣ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣❤♦t♦❡❧❡❝tr✐❝ ❡✛❡❝t ♦♥ t❤❡ ❛t♦♠✐❝ ♥✉♠❜❡r ♦❢ t❤❡

❤✐❣❤✲❩ ❡❧❡♠❡♥ts ✇✐t❤✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r✳ ❚❤✐s ❞❡♣❡♥❞❡♥❝❡ ❣✐✈❡s r✐s❡ t♦ ❛♥ ❛❜s♦r❜❡❞✲✻✵

❞♦s❡ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ ❊❇❚✸ ✜❧♠ t❤❛t ♠✉st ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r q✉❛♥t✐t❛t✐✈❡

r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠ ❞♦s✐♠❡tr②✳ ❚❤❡ ❛❜s♦r❜❡❞✲❞♦s❡ r❡s♣♦♥s❡ ❢♦r ❊❇❚✸ ❝❛♥ ❜❡ ❝❛❧❝✉✲

❧❛t❡❞ ✉s✐♥❣ ❛♥❛❧②t✐❝ ♦r ▼♦♥t❡ ❈❛r❧♦ t❡❝❤♥✐q✉❡s✳ ▼❛ss✐❧❧♦♥✲❏▲ ❡t ❛❧✳✻ ❛♥❞ ❇r♦✇♥ ❡t

❛❧✳✼ ❢♦✉♥❞ ❝♦♥tr❛st✐♥❣ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ t♦t❛❧ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❊❇❚✸ ✜❧♠ t♦

❧♦✇✲❡♥❡r❣② ♣❤♦t♦♥s ♦❢ ✉♣ t♦ ✶✶✪ ❛♥❞ ✸✪✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s ✐♥❝♦♥s✐st❡♥❝② ❤❛s ❜❡❡♥✻✺

❛ttr✐❜✉t❡❞ t♦ ♠❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ❝♦♠♣♦s✐t✐♦♥❛❧ ❝❤❛♥❣❡s t❤❛t ❛r❡ ♥♦t ❛❧✇❛②s ❛❝❝♦♠✲

♣❛♥✐❡❞ ❜② ✉♣❞❛t❡s t♦ t❤❡ ✜❧♠ ♠♦❞❡❧ ♦r ❧❛❜❡❧✳✽✕✶✵ ❯s✐♥❣ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ♦❢

t✇♦ ❜❛t❝❤❡s ♦❢ ❊❇❚✷ ✜❧♠ ✇✐t❤ s❧✐❣❤t ✈❛r✐❛t✐♦♥s ✐♥ ❛❝t✐✈❡ ❧❛②❡r ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✱

❙✉t❤❡r❧❛♥❞ ❛♥❞ ❘♦❣❡rs✶✶ s❤♦✇❡❞ t❤❛t t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❡♥❡r❣② ❞❡♣❡♥❞❡♥t r❡s♣♦♥s❡

❢♦r ♣❤♦t♦♥s ✉♥❞❡r ✶✵✵ ❦❡❱ ✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♣❛rt✐❝✉❧❛r ❜❛t❝❤ ♠❛❦❡✉♣ ✭♦♥❡✼✵

❜❛t❝❤ ❤❛❞ ✶✵✪ ❛♥❞ t❤❡ ♦t❤❡r ❛ ✺✵✪ ❡♥❡r❣② r❡s♣♦♥s❡✮✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❡ ♥❡❝❡ss✐t② ❢♦r

❝❛r❡❢✉❧ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ♠❛❦❡✉♣ ♦❢ t❤❡ ❛❝t✐✈❡ ❧❛②❡r ❢♦r ❛❝❝✉r❛t❡ ♠♦❞✲

❡❧✐♥❣ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② r❡s♣♦♥s❡ ✐♥ ❡❛❝❤ ✜❧♠ ❜❛t❝❤✳ ■♥ t❤✐s ✇♦r❦✱

▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞s ✇❡r❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ ❛❜s♦r❜❡❞✲❞♦s❡ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✱ f rel✱

♦❢ t❤❡ ❧❛t❡st ✈❡rs✐♦♥ ♦❢ ❊❇❚✸ ✜❧♠ t♦ ❧♦✇✲❡♥❡r❣② ①✲r❛②s✳✼✺
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■♥ ❛❞❞✐t✐♦♥ t♦ ❛❜s♦r❜❡❞✲❞♦s❡ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✱ ❛♥ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ❤❛s

❜❡❡♥ r❡♣♦rt❡❞ ❢♦r ♠♦st r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠ ♠♦❞❡❧s✶✶✱✶✷ ❛s ✇❡❧❧ ❛s ♦t❤❡r s♦❧✐❞✲st❛t❡ ❛♥❞

❝❤❡♠✐❝❛❧ ❞♦s✐♠❡t❡rs✳✶✸✕✶✽ ■♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡✱ ❞❡♥♦t❡❞ kbq✱ r❡❢❡rs t♦ t❤❡ ♣❤❡✲

♥♦♠❡♥♦♥ ✐♥ ✇❤✐❝❤ ❞✐✛❡r❡♥t ❜❡❛♠ ❡♥❡r❣✐❡s ❞❡❧✐✈❡r✐♥❣ t❤❡ s❛♠❡ ❛❜s♦r❜❡❞✲❞♦s❡ t♦ t❤❡

✜❧♠ ❛❝t✐✈❡ ❧❛②❡r ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t ❞♦s✐♠❡t❡r r❡s♣♦♥s❡s✳ ❚❤❡s❡ ❛s♣❡❝ts ❛r❡ ❞✐✣❝✉❧t t♦✽✵

♠♦❞❡❧ ❛❝❝✉r❛t❡❧② ✉s✐♥❣ ❝♦♥✈❡♥t✐♦♥❛❧ ▼♦♥t❡ ❈❛r❧♦ ❝♦❞❡s✱ ❛♥❞ t❤✉s✱ ✐♥tr✐♥s✐❝ ❡♥❡r❣②

r❡s♣♦♥s❡ ✐s ♠❡❛s✉r❡❞ ♦r ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ ❡♠♣✐r✐❝❛❧ ❞❛t❛✳ Pr❡✈✐♦✉s ✇♦r❦✶✷ ❤❛s ❡①✲

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

❊❇❚ ✜❧♠ ❛s ✇❡❧❧ ❛s ❡①♣❡r✐♠❡♥t❛❧ ♣r♦t♦t②♣❡s✳ ❚❤❡ ❝✉rr❡♥t ✇♦r❦ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡✲

t❡r♠✐♥❡s t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ❢♦r t❤❡ ❝✉rr❡♥t ✈❡rs✐♦♥ ♦❢ ❊❇❚✸ ✜❧♠ t❤r♦✉❣❤✽✺

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

❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡✱ ❛s ✇❡❧❧ ❛s ✉s✐♥❣ ❛♥ ❛❝❝♦♠♣❛♥②✐♥❣ ♠❛t❤✲

❡♠❛t✐❝❛❧ ❛♣♣r♦❛❝❤ t♦ ❞❡s❝r✐❜❡ t❤❡ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s ✐♥✈♦❧✈❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ ♠♦r❡

❛❝❝✉r❛t❡ ♠❡t❤♦❞ ❢♦r ❞❡t❡r♠✐♥✐♥❣ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡ ❜② ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✜❧♠✬s ♥♦♥✲❧✐♥❡❛r

r❡s♣♦♥s❡ ✇✐t❤ r❡s♣❡❝t t♦ ❞♦s❡ ❞❡❧✐✈❡r❡❞ ✐s ♣r❡s❡♥t❡❞✳✾✵

❇❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r

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

Pr❡✈✐♦✉s ✇♦r❦ ❤❛s ❡①❛♠✐♥❡❞ t❤❡ ✉s❡ ♦❢ ❛ s✐♥❣❧❡✲❤✐t ❣❡♦♠❡tr✐❝ ♠♦❞❡❧ t♦ ❞❡s❝r✐❜❡ t❤❡

♥♦♥❧✐♥❡❛r ❞♦s❡✲r❡s♣♦♥s❡ ♦❢ ❊❇❚ ✜❧♠✳✶✾✱✷✵ ❚❤✐s ✇♦r❦ ✇✐❧❧ ❡①♣❛♥❞ s✉❝❤ ♠❡t❤♦❞♦❧♦❣② t♦

✐♥✈❡st✐❣❛t❡ ❤♦✇ ❛ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧ ♠❛② ❜❡tt❡r q✉❛♥t✐❢② t❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝ ❡♥❡r❣②✾✺

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

t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ✈❛r✐♦✉s ♣❤♦t♦♥ ❜❡❛♠ q✉❛❧✐t✐❡s✳ ❇② ❛ss✉♠✐♥❣ t❤❛t

t❤❡ r❛❞✐♦❝❤r♦♠✐❝ r❡s♣♦♥s❡ ✐s ❛ r❡s✉❧t ♦❢ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s ❡①❝❡❡❞✐♥❣ t❤❡ ♣♦❧②♠❡r✲

✐③❛t✐♦♥ t❤r❡s❤♦❧❞ ❡♥❡r❣②✱ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ♠♦❞❡❧ ✐s r❡❞✉❝❡❞ t♦ ✐♥❝❧✉❞✐♥❣ ♦♥❧②

t❤❡ ❦❡② ❢❡❛t✉r❡s ♦❢ t❤❡ s❡❝♦♥❞❛r② ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ♣r♦❞✉❝❡❞ ❜② ✈❛r✐♦✉s ♣❤♦t♦♥ ❜❡❛♠✶✵✵

q✉❛❧✐t✐❡s✳ ❚❤✉s✱ t❤✐s ♠♦❞❡❧ ❛✐♠s t♦ ❞❡s❝r✐❜❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ r❛❞✐❛t✐♦♥ ❞✐str✐❜✉✲

t✐♦♥s ✇✐t❤✐♥ ❛❝t✐✈❡ ❧✐t❤✐✉♠ ♣❡♥t❛❝♦s❛✲✶✵✱ ✶✷✲❞✐②♥♦❛t❡ ✭▲✐P❈❉❆✮ ❝r②st❛❧s✱ ✇❤♦s❡ s✐③❡

✐s ♦♥ t❤❡ ♦r❞❡r ♦❢ t❤❛t ♦❢ ♠❛♠♠❛❧✐❛♥ ❝❡❧❧s✱✷✶✱✷✷ ❛♥❞ ♥♦t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❡①❝✐t❛t✐♦♥s ♦❢

♠♦♥♦♠❡r✐❝ ❡❧❡♠❡♥ts✱ ✇✐t❤ s✐③❡s ♦❢ ♠♦❧❡❝✉❧❛r ❞✐♠❡♥s✐♦♥s✳ ❯♣♦♥ s✉❝❝❡ss❢✉❧❧② q✉❛♥t✐✲

❢②✐♥❣ t❤❡s❡ ❞✐str✐❜✉t✐♦♥ ❞✐✛❡r❡♥❝❡s ❛t t❤❡ ❝r②st❛❧ ❧❡✈❡❧✱ t❤❡ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧ ✐s ✉s❡❞✶✵✺
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t♦ ❞❡s❝r✐❜❡ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ r❡❧❛t✐♦♥s❤✐♣s✳ ■t ✐s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡

♠✐❝r♦❞♦s✐♠❡tr✐❝ ♠♦❞❡❧✱ ❞❡s❝r✐❜✐♥❣ ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥ t❤r♦✉❣❤♦✉t ❛ ❝r②st❛❧✱ ❛♥❞ t❤❡

❣❡♦♠❡tr✐❝ t❤❡♦r②✱ ❞❡s❝r✐❜✐♥❣ t❤❡ ✜❧♠ r❡s♣♦♥s❡ ❣✐✈❡♥ ❛ ♣❛rt✐❝✉❧❛r ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥✱

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

■■✳ ▼❊❚❍❖❉❙ ❆◆❉ ▼❆❚❊❘■❆▲❙✶✶✵

❆✳ ■♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡

❚❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♠❛② ❜❡ ✇r✐tt❡♥✿

kbq =
Mfilm(Q)

Dfilm(Q)
, ✭✶✮

✇❤❡r❡ ❛ r❛❞✐❛t✐♦♥ ❜❡❛♠ ✇✐t❤ q✉❛❧✐t② Q ♣r♦❞✉❝❡s ❛♥ ❛❜s♦r❜❡❞ ❞♦s❡ ✐♥ ✜❧♠✱ Dfilm(Q)✱

❛♥❞ Mfilm(Q) ✐s t❤❡ ✜❧♠ r❡s♣♦♥s❡ ♠❡❛s✉r❡♠❡♥t ✭♥♦t❡ t❤❛t t❤✐s q✉❛♥t✐t② ✐s ❞❡✜♥❡❞✶✶✺

✐♥✈❡rs❡❧② ❢r♦♠ ❙✉t❤❡r❧❛♥❞ ❛♥❞ ❘♦❣❡rs✱✶✶ ❇❡❦❡r❛t ❡t ❛❧✳✱✶✷ ❛♥❞ ❍❡r♠✐❞❛✲▲ó♣❡③ ❡t ❛❧✳✶✵✮✳

❋♦r ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✱ t❤❡ r❡❢❡r❡♥❝❡ ❜❡❛♠ q✉❛❧✐t②

s❤♦✉❧❞ ❞❡❧✐✈❡r t❤❡ s❛♠❡ ❞♦s❡ t♦ t❤❡ ❛❝t✐✈❡ ✜❧♠ ❧❛②❡r ❛s ❡❛❝❤ t❡st❡❞ ❜❡❛♠ q✉❛❧✐t②✳ ❚❤❡

✜❧♠ ❛❜s♦r❜❡❞✲❞♦s❡ ❡♥❡r❣② r❡s♣♦♥s❡ ✐♥ ❛ r❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ✐s ❞❡✜♥❡❞ ❛s✿

f(Q) =
Dmed(Q)

Dfilm(Q)
, ✭✷✮✶✷✵

✇❤❡r❡ Dmed(Q) ✐s t❤❡ ❛❜s♦r❜❡❞ ❞♦s❡ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ♠❡❞✐✉♠✳ ❆ r❡❢❡r❡♥❝❡ ❜❡❛♠

q✉❛❧✐t②✱ Qref , ✇❤✐❝❤ ❞❡❧✐✈❡rs t❤❡ s❛♠❡ ❞♦s❡ ❛s t❤❡ ♠❡❛s✉r❡♠❡♥t ❜❡❛♠ q✉❛❧✐t② Q t♦

t❤❡ ♠❡❞✐✉♠ ♦❢ ✐♥t❡r❡st✱ ♠❛② ❜❡ s♣❡❝✐✜❡❞✳ ❚❤❡♥ t❤❡ r❡❧❛t✐✈❡ ❡♥❡r❣② r❡s♣♦♥s❡s✱ krel
bq(Q)

❛♥❞ frel(Q)✱ ♠❛② ❜❡ ❞❡✜♥❡❞ ❛s✿

krel
bq(Q) =

kbq(Q)

kbq(Qref)
✭✸✮✶✷✺

❛♥❞

f rel(Q) =
f(Q)

f(Qref)
. ✭✹✮

❋✐♥❛❧❧②✱ t❤❡ t♦t❛❧ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ✜❧♠✱ S(Q)✱ ♠❛② ❜❡ s♣❡❝✐✜❡❞ ❛s✿

S(Q) =
kbq(Q)

f(Q)
, ✭✺✮
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❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❧❛t✐✈❡ t♦t❛❧ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✱ Srel(Q)✿✶✸✵

Srel(Q) =
krel
bq(Q)

f rel(Q)
. ✭✻✮

❆ ❦❡② ❛s♣❡❝t ✐♥ t❤✐s ✇♦r❦ ✐s t❤❡ ✉s❡ ♦❢ t❤❡ ✜❧♠ ♠❡❞✐✉♠ ✐ts❡❧❢ ❛s t❤❡ r❡❢❡r❡♥❝❡ ♠❛t❡✲

r✐❛❧ ✭♠❡❞✮ ❢♦r t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ r❡❧❛t✐✈❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ✭krel
bq✮✳ ❙✐♥❝❡

Dfilm ✐s ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ▼♦♥t❡ ❈❛r❧♦✲❝❛❧❝✉❧❛t❡❞ ❛✐r ❦❡r♠❛✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝✲

t♦rs✱ ✐rr❛❞✐❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ❜② ❞✐r❡❝t❧② r❡❧❛t✐♥❣ t❤❡ ①✲r❛② ♦r ❣❛♠♠❛ ❡①♣♦s✉r❡✶✸✺

t✐♠❡ t♦ ❞♦s❡ t♦ ✜❧♠✳ ❚❤✉s✱ f rel(Q) ✇❛s ❛❝❝♦✉♥t❡❞ ❢♦r ♣r✐♦r t♦ ✐rr❛❞✐❛t✐♦♥ ❢♦r t❤✐s

✇♦r❦✱ ❡♥❛❜❧✐♥❣ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ♦❢ krel
bq(Q)✳ ❚♦ ❝♦♠♣❛r❡ ✇✐t❤ ♣✉❜❧✐s❤❡❞ ✈❛❧✉❡s ❛♥❞

t♦ ❝❛❧❝✉❧❛t❡ ❛ r❡❧❛t✐✈❡ t♦t❛❧ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ✇✐t❤ r❡s♣❡❝t t♦ ✇❛t❡r✱ ▼♦♥t❡ ❈❛r❧♦

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

❚❤✐s ✇♦r❦ ❢✉❧❧② ❝❤❛r❛❝t❡r✐③❡s t❤❡ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ❢♦r ✻✵❈♦✱ ✶✸✼❈s✱ ❛♥❞ ❛ ✈❛r✐❡t②✶✹✵

♦❢ ◆■❙❚✲♠❛t❝❤❡❞ ❦✐❧♦✈♦❧t❛❣❡ ①✲r❛② ❜❡❛♠ q✉❛❧✐t✐❡s✳

❇✳ ❘❛❞✐♦❝❤r♦♠✐❝ ✜❧♠

❚♦ ❞❛t❡✱ t❤❡r❡ ❤❛✈❡ ❜❡❡♥ t❤r❡❡ ✈❡rs✐♦♥s ♦❢ ❊❇❚✸ r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠ ♣r♦❞✉❝❡❞✱

✇✐t❤ ❡❛❝❤ ✐t❡r❛t✐♦♥ ✉s✐♥❣ ❛ ❞✐✛❡r❡♥t ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐♥ ❛♥ ❡✛♦rt t♦ ♠❛❦❡ t❤❡

❞♦s✐♠❡t❡r ♠♦r❡ st❛❜❧❡ ❛♥❞ ✇❛t❡r ❡q✉✐✈❛❧❡♥t✳✶✷ ❚✇♦ ✈❡rs✐♦♥s ♦❢ ❊❇❚✸ ✜❧♠ ✇❡r❡ ✉s❡❞✶✹✺

❢♦r t❤✐s ✇♦r❦✱ ❞❡♥♦t❡❞ ❤❡r❡ ❛s ✈❡rs✐♦♥ ✷ ✭❱✷✮ ❛♥❞ ✈❡rs✐♦♥ ✸ ✭❱✸✮✳ ❚❤❡ ♦r✐❣✐♥❛❧ ✈❡rs✐♦♥

♦❢ ❊❇❚✸✱ ❊❇❚✸✲❱✶✱ ✇❛s r❡❧❡❛s❡❞ ✐♥ ❡❛r❧② ✷✵✶✶ ❛♥❞ ❞✐s❝♦♥t✐♥✉❡❞ ✐♥ ❖❝t♦❜❡r ✷✵✶✶ ✇❤❡♥

❊❇❚✸✲❱✷ ✇❛s ✐♥✐t✐❛❧❧② r❡❧❡❛s❡❞✳ ❊❇❚✸✲❱✸ ✇❛s ✐♥✐t✐❛❧❧② r❡❧❡❛s❡❞ ✐♥ ❆✉❣✉st ✷✵✶✸✱ ✇❤❡♥

❊❇❚✸✲❱✷ ✇❛s ❞✐s❝♦♥t✐♥✉❡❞✳ ❊❇❚✸✲❱✸ ✐s t❤❡ ❝✉rr❡♥t❧② ❛✈❛✐❧❛❜❧❡ ✈❡rs✐♦♥ ♦❢ ❊❇❚✸✳ ❆❧❧

✜❧♠s ❢♦r ❡❛❝❤ ✈❡rs✐♦♥ ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ✇❡r❡ t❛❦❡♥ ❢r♦♠ ❛ s✐♥❣❧❡ ❧♦t ✭❆✵✺✶✺✶✷✲✵✶ ❛♥❞✶✺✵

✶✶✵✺✶✸✵✶ ❢♦r ❊❇❚✸✲❱✷ ❛♥❞ ❱✸✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❊❇❚✸✲❱✷ ✇❛s ✉s❡❞ ✐♥ t❤✐s st✉❞② ❢♦r

♠❡t❤♦❞♦❧♦❣② ✈❛❧✐❞❛t✐♦♥ ❛♥❞ ❢♦r ❝♦♠♣❛r✐s♦♥ t♦ ♣r❡✈✐♦✉s ✇♦r❦✱ ❛❧t❤♦✉❣❤ ✐t ✐s ♥♦ ❧♦♥❣❡r

❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡✳ ❚❤❡ ♣r✐♠❛r② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❊❇❚✸✲❱✷ ❛♥❞ ❊❇❚✸✲❱✸ ✐s

t❤❡ ♣r❡s❡♥❝❡ ❛♥❞ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❤✐❣❤✲❩ ♠❛t❡r✐❛❧s ✐♥ t❤❡ ✜❧♠✬s ❛❝t✐✈❡ ❧❛②❡r✱ ✇✐t❤ ❛♥

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

✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r ♦❢ ❊❇❚✸✲❱✸✱ ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ■✳ ❚❤✐s ❝♦♠♣♦s✐t✐♦♥❛❧ ❝❤❛♥❣❡

✐s ❡①♣❡❝t❡❞ t♦ ❤❛✈❡ ❛ ♥❡❣❧✐❣✐❜❧❡ ❡✛❡❝t ❛t ♣❤♦t♦♥ ❡♥❡r❣✐❡s ❛❜♦✈❡ ✻✵❈♦❀✻✱✾ ❤♦✇❡✈❡r✱
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❚❆❇▲❊ ■✳ ❚❤❡ ♠❛t❡r✐❛❧ ❝♦♠♣♦s✐t✐♦♥s ♦❢ ❊❇❚✷ ❛♥❞ ❊❇❚✸ ✜❧♠ ❧✐st❡❞ ✐♥ ♠❛ss ♣❡r❝❡♥t ✭✪✮✳

❊❇❚✸ ✜❧♠ ❤❛s ✉♥❞❡r❣♦♥❡ t❤r❡❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s ✭t❤❡ ✜rst✱ s❡❝♦♥❞✱ ❛♥❞ t❤✐r❞ ✈❡rs✐♦♥s

♦❢ ❊❇❚✸ ❛r❡ ❞❡♥♦t❡❞ ❤❡r❡ ❛s ❱✶✱ ❱✷✱ ❛♥❞ ❱✸✱ r❡s♣❡❝t✐✈❡❧②✮✱ ✇✐t❤ ❡❛❝❤ ✐t❡r❛t✐♦♥ ❜❡❝♦♠✐♥❣

♠♦r❡ ✇❛t❡r ❡q✉✐✈❛❧❡♥t✳✶✷✱✷✸

❍ ▲✐ ❈ ◆ ❖ ◆❛ ❙ ❈❧ ❇r ❆❧ Zeff ❉❡♥s✐t②
(

g/cm3
)

❊❇❚✷ ✾✳✼ ✵✳✾ ✺✽✳✹ ✵✳✶ ✷✽✳✹ ✵✳✹ ✵✳✷ ✶✳✶ ✵✳✽ ✲ ✾✳✸✽ ✶✳✷

❊❇❚✸✲❱✶ ✾✳✼ ✵✳✾ ✺✽✳✹ ✵✳✶ ✷✽✳✹ ✵✳✹ ✵✳✷ ✶✳✶ ✵✳✽ ✲ ✾✳✸✽ ✶✳✷

❊❇❚✸✲❱✷ ✽✳✾ ✶✳✵ ✻✶✳✸ ✵✳✶ ✷✸✳✺ ✵✳✺ ✵✳✵✶ ✹✳✺ ✲ ✵✳✶ ✼✳✾✾ ✶✳✷

❊❇❚✸✲❱✸ ✽✳✽ ✵✳✻ ✺✶✳✶ ✲ ✸✷✳✽ ✲ ✲ ✲ ✲ ✻✳✼ ✼✳✷✻ ✶✳✷

s❧✐❣❤t ❝❤❛♥❣❡s ✐♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❝❛♥ ❤❛✈❡ ❛ ♠❛❥♦r ✐♠♣❛❝t ✭❡✳❣✳✱ ✺✵✪✮ ♦♥

✜❧♠ r❡s♣♦♥s❡ t♦ ♣❤♦t♦♥ ❡♥❡r❣✐❡s ✉♥❞❡r ✸✵✵ ❦❡❱✳✶✶ ❆t ❧♦✇ ❡♥❡r❣✐❡s✱ t❤❡ ✐♥❝r❡❛s❡ ✐♥

♣❤♦t♦❡❧❡❝tr✐❝ ❝r♦ss s❡❝t✐♦♥s ✐s ❡①♣❡❝t❡❞ t♦ r❡s✉❧t ✐♥ ❛ s✉❜st❛♥t✐❛❧ ❝❤❛♥❣❡ ✐♥ ❞♦s✐♠❡t❡r✶✻✵

r❡s♣♦♥s❡✱ r❡q✉✐r✐♥❣ ❝❛r❡❢✉❧ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✳

❆❝❝✉r❛t❡ ❞♦s✐♠❡tr② ✇✐t❤ r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠ r❡q✉✐r❡s ❝♦♥s✐st❡♥t ❛♥❞ ♠❡t✐❝✉❧♦✉s ✜❧♠

❤❛♥❞❧✐♥❣ ♠❡t❤♦❞s ❛s ❞❡s❝r✐❜❡❞ ❜② t❤❡ r❡❝♦♠♠❡♥❞❛t✐♦♥s ♦❢ t❤❡ ❆❆P▼ ❘❛❞✐❛t✐♦♥

❚❤❡r❛♣② ❚❛s❦ ●r♦✉♣ ✺✺✳✽ ▲❛t❡① ❣❧♦✈❡s ✇❡r❡ ✇♦r♥ ✇❤✐❧❡ ❤❛♥❞❧✐♥❣ ✜❧♠ t♦ ♠✐♥✐♠✐③❡ s✉r✲

❢❛❝❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳ ❚✇❡❡③❡rs ❛♥❞ ✈❛❝✉✉♠ ♣✐❝❦✉♣ t♦♦❧s ✇❡r❡ ✉s❡❞ ❢♦r t❤❡ ♠❛❥♦r✐t② ♦❢✶✻✺

✜❧♠ ❤❛♥❞❧✐♥❣✳ ❚♦ r❡❞✉❝❡ t❤❡ ❡✛❡❝ts ♦❢ ❛♠❜✐❡♥t ❧✐❣❤t✱✷✹✕✷✻ ✜❧♠s ✇❡r❡ st♦r❡❞ ✐♥ ♦♣❛q✉❡

❡♥✈❡❧♦♣❡s ✇❤❡♥ ♥♦t ✐♥ ✉s❡✳ ❚❡♠♣❡r❛t✉r❡ ❛♥❞ ❤✉♠✐❞✐t② ❤❛✈❡ ❜❡❡♥ s❤♦✇♥ t♦ ❛✛❡❝t ✜❧♠

r❡s♣♦♥s❡✱✷✼✕✷✾ s♦ ✜❧♠s ✇❡r❡ st♦r❡❞ t♦❣❡t❤❡r ✐♥ ❛ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤✉♠✐❞✐t②✲❝♦♥tr♦❧❧❡❞

❡♥✈✐r♦♥♠❡♥t t♦ ❡♥s✉r❡ t❤❛t ❛❧❧ ✜❧♠s ❤❛❞ ❛ s✐♠✐❧❛r t❤❡r♠❛❧ ❤✐st♦r②✱ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧

❝♦♥❞✐t✐♦♥s ✇❡r❡ ❞♦❝✉♠❡♥t❡❞ ❞✉r✐♥❣ ✐rr❛❞✐❛t✐♦♥✳ ❙t♦r❛❣❡ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ ❝♦♥❞✐t✐♦♥s✶✼✵

✇❡r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♠❛♥✉❢❛❝t✉r❡r r❡❝♦♠♠❡♥❞❛t✐♦♥s✳ Pr❡✲✐rr❛❞✐❛t✐♦♥ s❝❛♥s ✇❡r❡ ♣❡r✲

❢♦r♠❡❞ ❛t ❧❡❛st ✹✽ ❤♦✉rs ❛❢t❡r ❝✉tt✐♥❣ t♦ r❡❞✉❝❡ ❛♥② ❡✛❡❝ts ♦❢ t❤❡ ❝✉tt✐♥❣ ♣r♦❝❡ss✳✸✵

P♦st✲✐rr❛❞✐❛t✐♦♥ s❝❛♥s ✇❡r❡ ❝♦♠♣❧❡t❡❞ ❛t ❧❡❛st s❡✈❡♥ ❞❛②s ❢♦❧❧♦✇✐♥❣ ❡①♣♦s✉r❡ ✐♥ ♦r❞❡r

t♦ ♠✐♥✐♠✐③❡ ❛♥② ❝❤❛♥❣❡s ✐♥ t❤❡ ✜❧♠ r❡s♣♦♥s❡ ❞✉❡ t♦ ❞✐✛❡r❡♥t ♣♦st✲❡①♣♦s✉r❡ ❞❡✈❡❧♦♣✲

♠❡♥t t✐♠❡s✳✶✼✺
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❈✳ ■rr❛❞✐❛t♦rs

❚❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❲✐s❝♦♥s✐♥ ▼❡❞✐❝❛❧ ❘❛❞✐❛t✐♦♥ ❘❡s❡❛r❝❤ ❈❡♥t❡r ✭❯❲▼❘❘❈✮ ✐♥✲

❝❧✉❞❡s ❛ s❡❝♦♥❞❛r② st❛♥❞❛r❞s ❧❛❜♦r❛t♦r② ✇✐t❤ s❡✈❡r❛❧ ✐rr❛❞✐❛t♦rs ✉s❡❞ ❢♦r t❤✐s ✇♦r❦✿ ❛

❚❤❡r❛tr♦♥ ✶✵✵✵ ✻✵❈♦ ✐rr❛❞✐❛t♦r ✭❚❤❡r❛tr♦♥✐❝s✱ ■♥❝✳✱ ❖♥t❛r✐♦✱ ❈❛♥❛❞❛✮✱ ❛ ❞✉❛❧✲s♦✉r❝❡

●✲✶✵ ✶✸✼❈s ✐rr❛❞✐❛t♦r ✭❍♦♣❡✇❡❧❧ ❉❡s✐❣♥s✱ ■♥❝✳✱ ❆❧♣❤❛r❡tt❛✱ ●❆✮✱ ❛♥❞ ❛♥ ❆❞✈❛♥❝❡❞ ❳✲✶✽✵

r❛②✱ ■♥❝✳ ✭❇✉❢♦r❞✱ ●❆✮ ❝♦♥st❛♥t ♣♦t❡♥t✐❛❧ ❦✐❧♦✈♦❧t❛❣❡ ①✲r❛② s②st❡♠✳ ❚❤❡ ❯❲▼❘❘❈

✻✵❈♦ ✐rr❛❞✐❛t♦r✱ ✶✸✼❈s ✐rr❛❞✐❛t♦r✱ ❛♥❞ ①✲r❛② ❜❡❛♠s ❛r❡ ✉s❡❞ ❛s s❡❝♦♥❞❛r② ❛✐r✲❦❡r♠❛

st❛♥❞❛r❞s ❢♦r t❤❡ ❯❲ ❆❝❝r❡❞✐t❡❞ ❉♦s✐♠❡tr② ❈❛❧✐❜r❛t✐♦♥ ▲❛❜♦r❛t♦r② ✭❯❲❆❉❈▲✮

❝❛❧✐❜r❛t✐♦♥s ♦❢ t❤❡r❛♣② ❛♥❞ ❞✐❛❣♥♦st✐❝ ✐♦♥✐③❛t✐♦♥ ❝❤❛♠❜❡rs✳ ❆s s❡❝♦♥❞❛r② st❛♥❞❛r❞s✱

t❤❡ ❛✐r✲❦❡r♠❛ r❛t❡s ❛r❡ ❞✐r❡❝t❧② tr❛❝❡❛❜❧❡ t♦ ◆■❙❚ ❛♥❞ ❛r❡ ❦♥♦✇♥ t♦ ❛ ❧♦✇ ✉♥❝❡r✲✶✽✺

t❛✐♥t②✳ ❚❤❡ ①✲r❛② ❜❡❛♠s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ❛r❡ ♠❛t❝❤❡❞ t♦ ❧✐❣❤t❧②✲✜❧t❡r❡❞ ✭▲✲s❡r✐❡s✮

❛♥❞ ♠♦❞❡r❛t❡❧②✲✜❧t❡r❡❞ ✭▼✲s❡r✐❡s✮ ❜❡❛♠s ❛t ◆■❙❚ ❜❛s❡❞ ♦♥ t✉❜❡ ✈♦❧t❛❣❡✱ ❤❛❧❢✲✈❛❧✉❡

❧❛②❡r ✭❍❱▲✮✱ ❛♥❞ ❤♦♠♦❣❡♥❡✐t② ❝♦❡✣❝✐❡♥t ✭❍❈✮✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ▲✲ ❛♥❞ ▼✲s❡r✐❡s

❜❡❛♠s✱ ❛ ❤❡❛✈✐❧②✲✜❧t❡r❡❞ ✭❍✲s❡r✐❡s✮ ✶✵✵ ❦❱♣ ❜❡❛♠ ✇❛s ❛❧s♦ ✉s❡❞✳ ❚❤❡ ❜❡❛♠ q✉❛❧✐t✐❡s

✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ■■✳ ❚❤✉s✱ t❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ♦✛❡r ❊❇❚✸✶✾✵

❡♥❡r❣② ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❢♦r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❜❡❛♠ q✉❛❧✐t✐❡s t❤❛t ❛r❡ ❞✐r❡❝t❧② tr❛❝❡❛❜❧❡

t♦ ♥❛t✐♦♥❛❧❧② r❡❝♦❣♥✐③❡❞ st❛♥❞❛r❞s✳

❉✳ ▼♦♥t❡ ❈❛r❧♦✲❣❡♥❡r❛t❡❞ Dfilm/Kair ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs

▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ▼♦♥t❡ ❈❛r❧♦ ◆✲P❛rt✐❝❧❡ ❚r❛♥s✲

♣♦rt ❈♦❞❡ ✭▼❈◆P✮✸✶ ✈❡rs✐♦♥ ✻ t♦ ❞❡t❡r♠✐♥❡ t❤❡ r❛t✐♦ ♦❢ ❞♦s❡ t♦ ✜❧♠ ♣❡r ❛✐r ❦❡r♠❛✶✾✺

✭Dfilm/Kair✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♣❤♦t♦♥ ❡♥❡r❣② ❢♦r t❤❡ ❯❲▼❘❘❈✬s ✻✵❈♦✱ ✶✸✼❈s ❛♥❞

◆■❙❚✲♠❛t❝❤❡❞ ❦✐❧♦✈♦❧t❛❣❡ ①✲r❛② ❜❡❛♠s✳ ❘❡s✉❧ts ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ✉s❡❞ t♦

❝♦♥✈❡rt ♠❡❛s✉r❡❞ ❛✐r✲❦❡r♠❛ r❛t❡s t♦ ❞♦s❡ r❛t❡s t♦ t❤❡ ❊❇❚✸ ❛❝t✐✈❡ ❧❛②❡r✳ ❋♦r t❤❡

s✐♠✉❧❛t✐♦♥s✱ t❤❡ ✶✸✼❈s s♣❡❝tr✉♠ ✇❛s t❛❦❡♥ ❢r♦♠ t❤❡ ❞❛t❛ ♦❢ ❙❡❧t③❡r ❛♥❞ ❇❡r❣str♦♠✱✸✷

❛♥❞ t❤❡ ✻✵❈♦ s♣❡❝tr✉♠ ✇❛s t❛❦❡♥ ❢r♦♠ t❤❡ ❞❛t❛ ♦❢ ▼♦r❛ ❡t ❛❧✳✸✸ ❚❤❡ ▲✲ ❛♥❞ ▼✲✷✵✵

s❡r✐❡s ❜❡❛♠ s♣❡❝tr❛ ✉s❡❞ ✐♥ t❤❡ ▼❈◆P ❝❛❧❝✉❧❛t✐♦♥s ✇❡r❡ ♣r❡✈✐♦✉s❧② ♠❡❛s✉r❡❞ ✉s✐♥❣

❛ ❧♦✇✲❡♥❡r❣② ❣❡r♠❛♥✐✉♠ ❞❡t❡❝t♦r✱ ❝♦rr❡❝t❡❞ ✇✐t❤ ❛ ❜❛❝❦✇❛r❞ str✐♣♣✐♥❣ ♠❡t❤♦❞ ✉s✲

✐♥❣ ▼♦♥t❡ ❈❛r❧♦✲❝❛❧❝✉❧❛t❡❞ ❝♦rr❡❝t✐♦♥s t♦ ❛❝❝♦✉♥t ❢♦r ❞❡t❡❝t♦r r❡s♣♦♥s❡ ❛♥❞ ♦t❤❡r
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♠❡❛s✉r❡♠❡♥t ♣❡rt✉r❜❛t✐♦♥s✳✸✹ ❋♦r t❤❡ ❤❡❛✈✐❧②✲✜❧t❡r❡❞ ✶✵✵ ❦❱♣ ❜❡❛♠ ✭❯❲✶✵✵✲❍✮✱ t❤❡

◆♦✳ ✼✺ s♣❡❝tr✉♠ ❞❛t❛ ❢r♦♠ t❤❡ ●❡s❡❧❧s❝❤❛❢t ❢ür ❙tr❛❤❧❡♥✲✉♥❞ ❯♠✇❡❧t❢♦rs❝❤✉♥❣ ♠❜❍✷✵✺

▼ü♥❝❤❡♥ ✭●❙❋✮ ❘❡♣♦rt ✺✻✵ ✇❛s ✉s❡❞✳✸✺ ❚❤❡ ●❙❋ r❡♣♦rt ❝♦♥t❛✐♥s ❛ ❝♦♠♣✐❧❛t✐♦♥ ♦❢

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

❚❤♦✉❣❤ ♥♦t ❛♥ ❡①❛❝t ♠❛t❝❤ ♦❢ t❤❡ s♣❡❝✐✜❝ ❜❡❛♠ ✉s❡❞ ✐♥ t❤✐s ✇♦r❦✱ ●❙❋ s♣❡❝tr❛ ❛r❡

♦❢t❡♥ ❛ss✉♠❡❞ t♦ ❜❡ s✉✣❝✐❡♥t ❢♦r s♦✉r❝❡ ✐♥♣✉t ✉s❡❞ ✐♥ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s✳✶✸✱✶✼✱✸✻

❋♦❧❧♦✇✐♥❣ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ ❉❛✈✐s ❡t ❛❧✳✶✸ ❛♥❞ ◆✉♥♥ ❡t ❛❧✳✶✼ ❢♦r ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢✷✶✵

❚▲❉ r❡s♣♦♥s❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♣❤♦t♦♥ ❡♥❡r❣②✱ t❤❡ Dfilm/Kair ✇❛s ❢♦✉♥❞ ✉s✐♥❣ t✇♦ s✐♠✲

✉❧❛t✐♦♥s ❢♦r ❡❛❝❤ ♣❤♦t♦♥ ❜❡❛♠✳ ❚❤❡ ✜rst s✐♠✉❧❛t✐♦♥ ❝❛❧❝✉❧❛t❡❞ t❤❡ ❡♥❡r❣② ❞❡♣♦s✐t❡❞

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

❤♦❧❞❡rs ✭♣♦❧②❡t❤②❧❡♥❡ ✈❛❝✉✉♠ ❜❛❣✱ ❛❝r②❧✐❝ ❤♦❧❞❡r✱ ❡t❝✳✮ ❛s ❛♣♣r♦♣r✐❛t❡ ❢♦r t❤❡ ❣❡♦♠✲

❡tr② ✐♥ ✇❤✐❝❤ t❤❡ ✜❧♠ ✇❛s ✐rr❛❞✐❛t❡❞ ✐♥ ❡❛❝❤ ❜❡❛♠✳ ❚❤❡ s❡❝♦♥❞ s✐♠✉❧❛t✐♦♥ ❝❛❧❝✉❧❛t❡❞✷✶✺

t❤❡ ❛✐r ❦❡r♠❛ ✐♥ ❛ ✈♦❧✉♠❡ ♦❢ ❛✐r ✇✐t❤ ✈♦❧✉♠❡ ❛♥❞ s❤❛♣❡ ❡q✉❛❧ t♦ t❤❡ ✜❧♠ ❛❝t✐✈❡ ❧❛②❡r✳

❚❤❡ ✜❧♠ ❛♥❞ ❤♦❧❞❡rs ✇❡r❡ ✐rr❛❞✐❛t❡❞ ❢r❡❡ ✐♥ ❛✐r✱ ❜✉t t❤❡ ▼♦♥t❡ ❈❛r❧♦ ❣❡♦♠❡tr②

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

t❤❡ ●❙❋ ◆♦✳ ✼✺ ❜❡❛♠✱ ❛r❡ ❞❡✜♥❡❞ ❛t ♦♥❡ ♠❡t❡r ❛♥❞ ❝♦rr❡❝t❡❞ ❢♦r ❛✐r ❛tt❡♥✉❛t✐♦♥✳

❚❤❡ ●❙❋ ◆♦✳ ✼✺ ❜❡❛♠ ✐s ❞❡✜♥❡❞ ❛t ✼✺ ❝♠✱ s♦ ❛ ✭25 × 25 × 25✮ ❝♠✸ ✈♦❧✉♠❡ ♦❢ ❛✐r✷✷✵

✇❛s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ ①✲r❛② ♣♦✐♥t s♦✉r❝❡ ❛♥❞ t❤❡ ❢r♦♥t ♦❢ t❤❡ ✜❧♠ ♣❛❝❦❡t ❢♦r t❤❡

❯❲✶✵✵✲❍ s✐♠✉❧❛t✐♦♥ t♦ ❝♦rr❡❝t ❢♦r t❤❡ ❡①tr❛ ❛tt❡♥✉❛t✐♦♥ ❛t ❢✉rt❤❡r ❞✐st❛♥❝❡s ❢r♦♠

t❤❡ s♦✉r❝❡✳

❚❤❡ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ♣❡r st❛rt✐♥❣ ♣❛rt✐❝❧❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡ ✯❋✽ t❛❧❧②

t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❛✐r ❦❡r♠❛ ❛♥❞ t❤❡ ❞♦s❡ ❞❡♣♦s✐t❡❞ ✐♥ t❤❡ ❊❇❚✸ ❛❝t✐✈❡ ❧❛②❡r ♦r ✐♥✷✷✺

❛♥ ❡q✉✐✈❛❧❡♥t ✈♦❧✉♠❡ ♦❢ ✇❛t❡r ❢♦r ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♣✉❜❧✐s❤❡❞ ✇♦r❦✳ ❋♦r t❤❡ ❞♦s❡

s✐♠✉❧❛t✐♦♥s✱ t❤❡ ❧♦✇✲❡♥❡r❣② ❡❧❡❝tr♦♥ ❛♥❞ ♣❤♦t♦♥ ❝✉t♦✛s ✇❡r❡ s❡t t♦ ✶ ❦❡❱✳ ❋♦r t❤❡

s✐♠✉❧❛t✐♦♥s ♦❢ ❛✐r ❦❡r♠❛✱ ❡❧❡❝tr♦♥ tr❛♥s♣♦rt ✇❛s ❡✛❡❝t✐✈❡❧② ❡❧✐♠✐♥❛t❡❞ ❜② ✉s✐♥❣ ❛ ❧♦✇✲

❡♥❡r❣② ❡❧❡❝tr♦♥ ❝✉t♦✛ ♦❢ ✷▼❡❱ t♦ ❢♦r❝❡ ❧♦❝❛❧ ❞❡♣♦s✐t✐♦♥ ♦❢ ❡♥❡r❣② r❡❧❡❛s❡❞ ✐♥ ♣❤♦t♦♥

✐♥t❡r❛❝t✐♦♥s✳ ❚❤❡ st❛rt✐♥❣ ♣❛rt✐❝❧❡ ❞✐r❡❝t✐♦♥ ✇❛s s❛♠♣❧❡❞ ❢r♦♠ ❛ ❝♦♥❡✱ s✉❝❤ t❤❛t ❛✷✸✵

❝✐r❝✉❧❛r ✜❡❧❞ ✇✐t❤ ❞✐❛♠❡t❡r ♦❢ ✶✵ ❝♠ ✇❛s ✐♥❝✐❞❡♥t ♦♥ t❤❡ ❝❡♥tr❛❧ ❞❡♣t❤ ♦❢ t❤❡ ❊❇❚✸

❛❝t✐✈❡ ❧❛②❡r✳ P❤♦t♦♥s ❛♥❞ ❡❧❡❝tr♦♥s ✇❡r❡ tr❛♥s♣♦rt❡❞✱ ❛♥❞ t❤❡ ▼❈P▲■❇✽✹ ❝r♦ss s❡❝✲

t✐♦♥ ❧✐❜r❛r②✸✼ ✇❛s ✉s❡❞✳ ❆❧❧ ♠❛t❡r✐❛❧s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥s ✭t❤❡ ✜❧♠ ❛❝t✐✈❡

✶✵This	article	is	protected	by	copyright.	All	rights	reserved
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❋■●✳ ✶✳ ●❡♦♠❡tr② ♦❢ ✻✵❈♦ ✐♥✲❤♦❧❞❡r s✐♠✉❧❛t✐♦♥s ❛♥❞ ♠❡❛s✉r❡♠❡♥ts✱ ✐♥❝❧✉❞✐♥❣ ✭❛✮ ❛ r❡♥❞❡r✐♥❣

♦❢ ❛ ✜❧♠ ♣❛❝❦❡t ✐♥ t❤❡ P▼▼❆ ❤♦❧❞❡r ❢♦r s✐♠✉❧❛t✐♦♥ ✐♥✲❛✐r ✇✐t❤ ❝♦❧♦r✴♠❛t❡r✐❛❧ ♦❢✿ ✇❤✐t❡✿

✈❛❝✉✉♠✱ r❡❞✿ P▼▼❆✱ ♦r❛♥❣❡✿ ♣♦❧②❡t❤②❧❡♥❡✱ ❞❛r❦ ❜❧✉❡✿ ♣♦❧②❡st❡r✱ ❧✐❣❤t ❜❧✉❡✿ ❛❝t✐✈❡ ♠❛t❡r✐❛❧✱

❣r❡❡♥✿ ❛✐r ❛♥❞ ✭❜✮ ❛ ♣❤♦t♦❣r❛♣❤ ♦❢ ❛ ✜❧♠ ♣❛❝❦❡t ♠♦✉♥t❡❞ ✐♥ t❤❡ P▼▼❆ ❤♦❧❞❡r ❢♦r ✐♥✲

❛✐r ✐rr❛❞✐❛t✐♦♥ ❛t ♦♥❡ ♠❡t❡r ❢r♦♠ t❤❡ ❆❉❈▲ ✻✵❈♦ ✐rr❛❞✐❛t♦r✳ ◆♦t❡ t❤❛t ❢♦r ✶✸✼❈s ❛♥❞

①✲r❛② ✐rr❛❞✐❛t✐♦♥s✱ ❣❡♦♠❡tr✐❡s ✇❡r❡ ❞✐✛❡r❡♥t ✇✐t❤ ❧❡ss ❜✉✐❧❞✉♣ ❢♦r ✶✸✼❈s ❛♥❞ ♥♦ ❜✉✐❧❞✉♣ ♦r

❜❛❝❦s❝❛tt❡r ♠❛t❡r✐❛❧ ❢♦r ①✲r❛②s✳

❧❛②❡r✱ t❤❡ ✜❧♠ ♣♦❧②❡st❡r s✉❜str❛t❡ ❧❛②❡rs✱ t❤❡ ♣❧❛st✐❝ ❜❛❣✱ ❡t❝✳✮ ✇❡r❡ ♠♦❞❡❧❡❞ ❛s ❤♦✲

♠♦❣❡♥❡♦✉s ♠✐①t✉r❡s✳ ❉♦s❡ ✇❛s ❞❡✜♥❡❞ ✉s✐♥❣ ❡♥❡r❣② ✐♠♣❛rt❡❞ t♦ t❤❡ ♠✐①t✉r❡ ♠❡❞✐❛✳✷✸✺

❆ ✈✐s✉❛❧ r❡♥❞❡r✐♥❣✱ ♣r♦✈✐❞❡❞ ❜② ▼❈◆P✬s ❱✐s✉❛❧ ❊❞✐t♦r ✭❱✐s❊❞✮✱ ♦❢ t❤❡ ♠♦❞❡❧❡❞ ✜❧♠

❢♦r ✻✵❈♦ ✐rr❛❞✐❛t✐♦♥s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳

❊✳ ❋✐❧♠ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ♣r❡✐rr❛❞✐❛t✐♦♥ s❝❛♥♥✐♥❣

❆ t♦t❛❧ ♦❢ t❤r❡❡ s❤❡❡ts ♦❢ ❊❇❚✸✲❱✸ ✇❡r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ ✼✸✽ ❝✉t ❛♥❞ ❧❛❜❡❧❡❞ ✜❧♠

❞♦s✐♠❡t❡rs✱ ❡❛❝❤ ♠❡❛s✉r✐♥❣ (1.2×1.2) ❝♠✷✳ ❙✐♠✐❧❛r❧②✱ ✾✻ ❝✉t ❛♥❞ ❧❛❜❡❧❡❞ ✜❧♠ ❞♦s✐♠❡✲✷✹✵

t❡rs ✇❡r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ♦♥❡ s❤❡❡t ♦❢ ❊❇❚✸✲❱✷ ✜❧♠✳ ❚❤❡ ✜❧♠ ❞♦s✐♠❡t❡rs ✇❡r❡ s❝❛♥♥❡❞

✉s✐♥❣ t❤❡ ❯❲▼❘❘❈ ▲❛s❡r ❉❡♥s✐t♦♠❡tr② ❙②st❡♠ ✭▲❉❙✮✳✸✽ ❚❤❡ ▲❉❙ ✐s ❛ ◆■❙❚✲

tr❛❝❡❛❜❧❡ ❧❛s❡r ❞❡♥s✐t♦♠❡tr② s②st❡♠ ❞❡✈❡❧♦♣❡❞ ✐♥✲❤♦✉s❡ t❤❛t ♣❡r❢♦r♠s ♣♦✐♥t✲❜❛s❡❞

♠❡❛s✉r❡♠❡♥ts ♦❢ r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠ s✉s♣❡♥❞❡❞ ✐♥ ❢r❡❡✲s♣❛❝❡ ✉s✐♥❣ ❝♦❤❡r❡♥t ❧✐❣❤t t♦

♠✐t✐❣❛t❡ ❝♦♠♠♦♥ ✜❧♠ s❝❛♥♥✐♥❣ ❛rt✐❢❛❝ts✱ s✉❝❤ ❛s ♣♦s✐t✐♦♥❛❧ s❝❛♥ ❞❡♣❡♥❞❡♥❝❡ ❛♥❞✷✹✺
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❤✐❣❤ ♥♦✐s❡ ✐♥ ❧♦✇✲❞♦s❡ r❡❣✐♦♥s✳✸✾✱✹✵ ❚❤❡ ▲❉❙ ✉s❡s ❛ ✻✸✺ ♥♠ ❞✐♦❞❡ ❧❛s❡r ❧✐❣❤t s♦✉r❝❡

❛♥❞ ♣♦✐♥t ♣❤♦t♦❞✐♦❞❡ ❞❡t❡❝t♦r✳ ❘♦s❡♥ ❡t ❛❧✳✸✽ ❞❡♠♦♥str❛t❡❞ t♦t❛❧ ❡❧✐♠✐♥❛t✐♦♥ ♦❢ t❤❡

❧❛t❡r❛❧ r❡s♣♦♥s❡ ❛rt✐❢❛❝t ✭▲❘❆✮ ❛♥❞ ♠✐♥✐♠❛❧ ♥♦♥✉♥✐❢♦r♠✐t② ✉s✐♥❣ t❤❡ ▲❉❙✳ ❚❤✉s✱ ♥♦

❝♦rr❡❝t✐♦♥s ❢♦r ▲❘❆ ♦r s❝❛♥♥❡r ♥♦♥✲✉♥✐❢♦r♠✐t② ✇❡r❡ ♠❛❞❡✳ P♦❧❛r✐③❛t✐♦♥ ❛rt✐❢❛❝ts ❞✉❡

t♦ t❤❡ ❝♦❤❡r❡♥t ❧✐❣❤t s♦✉r❝❡ ✇❡r❡ ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞ ❜② ❘♦s❡♥ ❡t ❛❧✳ ❛♥❞ ✇❡r❡ ❢♦✉♥❞ t♦✷✺✵

❜❡ ♦♥ t❤❡ ♦r❞❡r ♦❢ ✵✳✹✪ ♣❡r ❞❡❣r❡❡ ♦❢ r♦t❛t✐♦♥ ❢♦r ✷ ●② ❡①♣♦s✉r❡s✳ ❚♦ ❛❝❝♦✉♥t ❢♦r

t❤✐s✱ ❝❛r❡ ✇❛s t❛❦❡♥ t♦ ❡♥s✉r❡ t❤❛t ✜❧♠s ✇❡r❡ s❝❛♥♥❡❞ ✐♥ t❤❡ s❛♠❡ ♦r✐❡♥t❛t✐♦♥ ❜❡❢♦r❡

❛♥❞ ❛❢t❡r ❡①♣♦s✉r❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ✉♥❝❡rt❛✐♥t② ❝♦♥s❡r✈❛t✐✈❡❧② ❛ss✉♠❡❞ ♠❛①✐♠✉♠

r❡s♣♦♥s❡ ✭✵✳✹✪✴❞❡❣r❡❡✮ ❛♥❞ ✶ ❞❡❣r❡❡ ♦❢ ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ ✜❧♠ ♦r✐❡♥t❛t✐♦♥ ❞✉r✐♥❣

r❡❛❞♦✉t✳✷✺✺

Pr❡✐rr❛❞✐❛t✐♦♥ ♦♣t✐❝❛❧ ❞❡♥s✐t② ✭❖❉✮ ✈❛❧✉❡s ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✇✐t❤ t❤❡ ▲❉❙ ❜② s❡✲

q✉❡♥t✐❛❧ s❝❛♥♥✐♥❣ ♦❢ ❡❛❝❤ ✜❧♠ ❞♦s✐♠❡t❡r ❢♦r ♣♦st✐rr❛❞✐❛t✐♦♥ ♥♦r♠❛❧✐③❛t✐♦♥✳ ❋♦❧❧♦✇✲

✐♥❣ ♣r❡✐rr❛❞✐❛t✐♦♥ s❝❛♥♥✐♥❣✱ ✜❧♠ ❞♦s✐♠❡t❡rs ✇❡r❡ r❛♥❞♦♠✐③❡❞ ❛♥❞ ♣❧❛❝❡❞ ✇✐t❤✐♥ t❤✐♥

✈❛❝✉✉♠✲s❡❛❧❡❞✱ ♣❧❛st✐❝ ♣❛❝❦❡ts✱ ❛s ❞❡s❝r✐❜❡❞ ❜② ❘♦s❡♥✱✸✽ ❙♦❛r❡s✱✹✶ ❛♥❞ ▼❛ss✐❧❧♦♥✲❏▲

❡t ❛❧✳✹✷ ❚❤❡ r❛♥❞♦♠✐③❛t✐♦♥ ✇❛s ❞♦♥❡ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡ ❡✛❡❝t ♦❢ ❛♥② ✐♥t❡r✜❧♠✷✻✵

✭❜❡t✇❡❡♥ t❤❡ t❤r❡❡ s❤❡❡ts✮ ❛♥❞ ✐♥tr❛✜❧♠ ✭✇✐t❤✐♥ t❤❡ ✐♥❞✐✈✐❞✉❛❧ s❤❡❡t✮ ♥♦♥✉♥✐❢♦r♠✐✲

t✐❡s✳ ❊❛❝❤ ✈❛❝✉✉♠✲s❡❛❧❡❞ ♣❛❝❦❡t ❝♦♥t❛✐♥❡❞ s✐① ✜❧♠ ❞♦s✐♠❡t❡rs ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡

✷✳ ❚❤❡ ✈❛❝✉✉♠ ❜❛❣ ✇❛s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ▼♦♥t❡ ❈❛r❧♦ ♠♦❞❡❧s ❛s ♣♦❧②❡t❤②❧❡♥❡✱ ✇✐t❤

❝❤❡♠✐❝❛❧ ❢♦r♠✉❧❛ ✭❈2❍4✮n ❛ss✉♠❡❞✳✹✸ ❚❤❡ ❛✈❡r❛❣❡ ❜❛❣ t❤✐❝❦♥❡ss ✇❛s ❞❡t❡r♠✐♥❡❞ t♦

❜❡ ✵✳✶✵ ♠♠ ± ✵✳✵✸ ♠♠✱ ✉s✐♥❣ ❞✐❣✐t❛❧ ❝❛❧✐♣❡r ♠❡❛s✉r❡♠❡♥ts ♦❢ ✈❛r✐♦✉s ✈❛❝✉✉♠ ❜❛❣s✱✷✻✺

✇❤✐❧❡ t❤❡ ♥♦♠✐♥❛❧ ✜❧♠ t❤✐❝❦♥❡ss✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❛♥✉❢❛❝t✉r❡r✱ ✐s ✵✳✷✼✺ ♠♠✳ ❲✐t❤

s♠❛❧❧ t❤✐❝❦♥❡ss❡s r❡❧❛t✐✈❡ t♦ t❤❡ ♦✈❡r❛❧❧ ✜❧♠ t❤✐❝❦♥❡ss ❛♥❞ ♦✈❡r❛❧❧ s❡t✉♣ r❡♣r♦❞✉❝✐❜✐❧✐t②

♦❢ ±✶ ♠♠✱ t❤❡ ❛❞❞❡❞ ✉♥❝❡rt❛✐♥t② ✇❛s ♠✐♥✐♠❛❧✳ ❚❤❡ ♠❛①✐♠✉♠ ▼♦♥t❡ ❈❛r❧♦ ❝❛❧❝✉✲

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

✶✪✱ ❡✈❡♥ ❛t t❤❡ ❧♦✇❡r ❡♥❡r❣✐❡s✳✷✼✵

❋✳ ❋✐❧♠ ✐rr❛❞✐❛t✐♦♥s

❋♦r ✜❧♠ ✐rr❛❞✐❛t✐♦♥ ✇✐t❤ ①✲r❛②s✱ ♠✉❧t✐♣❧❡ ♣✐❡❝❡s ♦❢ ❑❛♣t♦♥❘© t❛♣❡ ✇❡r❡ ✉s❡❞ t♦ s✉s✲

♣❡♥❞ t❤❡ ✜❧♠ ♣❛❝❦❡ts ✐♥ ❛✐r ❢r♦♠ ❛ ♣♦❧②♠❡t❤②❧✲♠❡t❤❛❝r②❧❛t❡ ✭P▼▼❆✮ ✜①t✉r❡ ✇✐t❤
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❋■●✳ ✷✳ P❤♦t♦❣r❛♣❤s ♦❢ t❤❡ ✜❧♠ ✐rr❛❞✐❛t✐♦♥ ❣❡♦♠❡tr② ❢♦r ①✲r❛② ❡♥❡r❣✐❡s✳

❛♥ ♦♣❡♥✐♥❣ ♦❢ ✭15.5× 13.5✮ ❝♠✷✳ ❚❤❡ ❑❛♣t♦♥ t❛♣❡ ✇❛s ✉s❡❞ t♦ s✉s♣❡♥❞ t❤❡ ♣❛❝❦❡ts

✐♥ ❛✐r ❛✇❛② ❢r♦♠ t❤❡ P▼▼❆ ✜①t✉r❡ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ s❝❛tt❡r ✇❤✐❧❡ s✐♠✉❧t❛♥❡✲✷✼✺

♦✉s❧② ♣♦s✐t✐♦♥✐♥❣ t❤❡ ❞♦s✐♠❡t❡r ♣❛❝❦❡ts ♥♦r♠❛❧ t♦ t❤❡ ①✲r❛② ❜❡❛♠✳ ❋✐❣✉r❡ ✷ s❤♦✇s

♣❤♦t♦❣r❛♣❤s ♦❢ t❤✐s s❡t✉♣ ❢♦r t❤❡ ①✲r❛② ✐rr❛❞✐❛t✐♦♥s✳ ❋♦r ✶✸✼❈s ❛♥❞ ✻✵❈♦ ✐rr❛❞✐❛t✐♦♥s✱

t❤❡ ❞♦s✐♠❡t❡r ♣❛❝❦❡ts ✇❡r❡ ♣❧❛❝❡❞ ✐♥ ❛♥ ❛❝r②❧✐❝ ♣❤❛♥t♦♠ ❤♦❧❞❡r ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥

❛♣♣r♦♣r✐❛t❡ ❜✉✐❧❞✉♣ ❛♥❞ ❜❛❝❦s❝❛tt❡r✳ ❚❤✐s ❤♦❧❞❡r ❤❛❞ ❛ ✭10 × 10✮ ❝♠✷ ❢❛❝❡✱ ✇✐t❤ ❛

❜❛❝❦ ♣❧❛t❡ t❤✐❝❦♥❡ss ♦❢ ✽✳✽♠♠✳ ❆ ✺✳✷♠♠ t❤✐❝❦ ❢r♦♥t ♣❧❛t❡ ✇❛s ✉s❡❞ ❢♦r t❤❡ ✻✵❈♦✷✽✵

✐rr❛❞✐❛t✐♦♥s✱ ❛♥❞ ❛ ✷✳✾♠♠ t❤✐❝❦ ♣❧❛t❡ ✇❛s ✉s❡❞ ❢♦r t❤❡ ✶✸✼❈s ✐rr❛❞✐❛t✐♦♥s ✐♥ ♦r❞❡r t♦

❛❝❤✐❡✈❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❡q✉✐❧✐❜r✐✉♠ ❛s ❞❡s❝r✐❜❡❞ ❜② ◆✉♥♥ ❡t ❛❧✳✶✼ ❚❤❡ ❤♦❧❞❡rs ✇❡r❡

♠♦❞❡❧❡❞ ✐♥ ▼❈◆P t♦ ❛❝❝♦✉♥t ❢♦r ❛♥② s❝❛tt❡r ❞♦s❡ ♦r s♣❡❝tr❛❧ ❝❤❛♥❣❡s ❝❛✉s❡❞ ❜② t❤❡

♣r❡s❡♥❝❡ ♦❢ t❤❡ ❤♦❧❞❡r ♠❛t❡r✐❛❧✳ ❋✐❧♠s ♣♦s✐t✐♦♥❡❞ ✇✐t❤✐♥ t❤❡ P▼▼❆ ❤♦❧❞❡r ❢♦r ✻✵❈♦

✐rr❛❞✐❛t✐♦♥s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✷✽✺
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❚❆❇▲❊ ■■✳ ❚❤❡ ✜❢t❡❡♥ ❜❡❛♠ q✉❛❧✐t✐❡s ✉s❡❞ ✐♥ t❤✐s st✉❞②✱ ✇✐t❤ ❡✛❡❝t✐✈❡ ❡♥❡r❣②✱ ✜rst ❤❛❧❢✲

✈❛❧✉❡ ❧❛②❡r✱ ❤♦♠♦❣❡♥❡✐t② ❝♦❡✣❝✐❡♥t✱ ♠❡❛s✉r❡❞ ❛✐r ❦❡r♠❛ r❛t❡s✱ ❛♥❞ ▼♦♥t❡ ❈❛r❧♦✲❞❡r✐✈❡❞

Dfilm/Kair ❢❛❝t♦rs✳

❯❲▼❘❘❈ ❊✛❡❝t✐✈❡ ❋✐rst ❍❱▲ ❍❈ K̇air Dfilm/Kair

❜❡❛♠ ❝♦❞❡ ❡♥❡r❣② ✭❦❡❱✮ ✭♠♠ ❆❧✮ ✭♠●②✴s❡❝✮

❯❲✲✷✵▼✶ ✶✶✳✺ ✵✳✶✹✽ ✼✺ ✶✳✷✽✼ ✵✳✾✶✾

❯❲✲✸✵▼✶ ✶✺✳✺ ✵✳✸✺✻ ✻✺ ✶✳✼✹✷ ✵✳✾✺✾

❯❲✲✹✵▼✶ ✶✾✳✽ ✵✳✼✷✽ ✻✻ ✶✳✽✶✾ ✵✳✾✼✼
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r❛t❡s ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛ ◆■❙❚✲❝❛❧✐❜r❛t❡❞ ❯❲❆❉❈▲ s❡❝♦♥❞❛r② st❛♥❞❛r❞ ✐♦♥✐③❛t✐♦♥

❝❤❛♠❜❡r ❛♥❞ t❤❡ ▼♦♥t❡ ❈❛r❧♦✲❞❡t❡r♠✐♥❡❞ Dfilm/Kair ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs✳✷✾✵

●✳ ❋✐❧♠ ♣♦st✐rr❛❞✐❛t✐♦♥ s❝❛♥♥✐♥❣

❋♦r ❛❧❧ ♣♦st✐rr❛❞✐❛t✐♦♥ ❛♥❛❧②s❡s✱ ✜❧♠ s❛♠♣❧❡s ✇❡r❡ s❝❛♥♥❡❞ ❛t ❧❡❛st s❡✈❡♥ ❞❛②s

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

❞❡✈❡❧♦♣♠❡♥t ❞✉r❛t✐♦♥✳✹✹✱✹✺ ❋✐❧♠ ✇❛s s❝❛♥♥❡❞ ♣♦st✐rr❛❞✐❛t✐♦♥ ✐♥ t❤❡ s❛♠❡ ♥✉♠❡r✐❝❛❧

♦r❞❡r ❛s ✐t ✇❛s s❝❛♥♥❡❞ ♣r✐♦r t♦ ✐rr❛❞✐❛t✐♦♥ t♦ ♠✐t✐❣❛t❡ ❛♥② ♣♦s✐t✐♦♥❛❧ ♦r t❡♠♣♦r❛❧✷✾✺

♥♦♥✉♥✐❢♦r♠✐t✐❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ▲❉❙ s❝❛♥♥❡r✳✸✽ ■♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ❛ ❝❛❧✐❜r❛t❡❞

♦♣t✐❝❛❧ ❞❡♥s✐t② ♠❡❛s✉r❡♠❡♥t✱ ❛ s❡r✐❡s ♦❢ ◆■❙❚✲tr❛❝❡❛❜❧❡ ❝❛❧✐❜r❛t❡❞ r❡❢❡r❡♥❝❡ ♠❛t❡r✐❛❧s

✭❈❘▼s✮ ❜r❛❝❦❡t✐♥❣ t❤❡ ❡①♣❡❝t❡❞ ✜❧♠ ❖❉ r❛♥❣❡ ✇❡r❡ ✐♥❝❧✉❞❡❞ ✇✐t❤ ❡✈❡r② s❝❛♥✳ ❚❤❡

❈❘▼s ✉s❡❞ ✇❡r❡ ❑♦❞❛❦ ❲r❛tt❡♥❚▼ ✷ ◆♦✳ ✾✻ P♦❧②❡st❡r ◆❡✉tr❛❧ ❉❡♥s✐t② ❋✐❧t❡rs✳ ❖❉

✇❛s ❞❡t❡r♠✐♥❡❞ ❜② ❛♣♣❧②✐♥❣ ❛ ❧✐♥❡❛r ✜t ❜❡t✇❡❡♥ t❤❡ ◆■❙❚✲♣r♦✈✐❞❡❞ r❡❢❡r❡♥❝❡ ❖❉ ❛♥❞✸✵✵

t❤❡ ▲❉❙✲♠❡❛s✉r❡❞ ❖❉ ❢♦r ❡❛❝❤ ❈❘▼✳

❍✳ ❉❛t❛ ❛♥❛❧②s✐s

❋✐❧♠ r❡s♣♦♥s❡ ✇❛s t❛❦❡♥ ❛s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♥❡t ♦♣t✐❝❛❧ ❞❡♥s✐t✐❡s ♦❢ ❡①♣♦s❡❞

❞♦s✐♠❡t❡rs ❛♥❞ ✉♥✐rr❛❞✐❛t❡❞ ❝♦♥tr♦❧s ✭∆♥❡t❖❉✮✳ ❙✐♥❝❡ ♣❛❝❦❡ts r❡❝❡✐✈❡❞ t❤❡ s❛♠❡ ❞♦s❡

t♦ ✜❧♠ ❛❝r♦ss ❛❧❧ ❜❡❛♠ q✉❛❧✐t✐❡s✱ ❞✐✛❡r❡♥❝❡s ✐♥ r❡s♣♦♥s❡ ❜❡t✇❡❡♥ ❡♥❡r❣✐❡s ❛r❡ ❞✉❡ t♦✸✵✺

✐♥tr✐♥s✐❝ ❊❇❚✸ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✳ ◆♦r♠❛❧✐③❡❞ ✐♥tr✐♥s✐❝ ❊❇❚✸ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡

✇❛s ❢♦✉♥❞ ❜② t❛❦✐♥❣ t❤❡ r❛t✐♦ ♦❢ r❡s♣♦♥s❡ ❢♦r ❛ ❣✐✈❡♥ ❜❡❛♠ q✉❛❧✐t② t♦ t❤❡ r❡s♣♦♥s❡

✇❤❡♥ ❡①♣♦s❡❞ t♦ ✻✵❈♦✳ ❚❤❡ r❡s✉❧ts ✇❡r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ r❡❝❡♥t❧② ♣✉❜❧✐s❤❡❞ ❞❛t❛ ✉s✐♥❣

s✐♠✐❧❛r t❡❝❤♥✐q✉❡s✳✶✷

■✳ ❙✐♥❣❧❡✲❤✐t t❤❡♦r②✸✶✵

❯♥❞❡rst❛♥❞✐♥❣ t❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡ r❡q✉✐r❡s ❛♥ ❡①❛♠✐♥❛t✐♦♥ ✐♥t♦ t❤❡

♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r ♦❢ t❤❡ ❊❇❚✸ ✜❧♠✳ ❚❤❡ ❛❝t✐✈❡

❧❛②❡r ❝♦♥s✐sts ♦❢ t✇♦ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✿ t❤❡ ❞✐❛❝❡t②❧❡♥❡ ♠♦♥♦♠❡r ▲✐P❈❉❆ ❝r②st❛❧s
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✭t❤❡ ❛❝t✐✈❡ ❝♦♠♣♦♥❡♥t✮✱ ❛♥❞ t❤❡ ❣❡❧❛t✐♥ ✐♥ ✇❤✐❝❤ t❤❡② ❛r❡ s✉s♣❡♥❞❡❞✳ ❚❤❡ ▲✐P❈❉❆

❝r②st❛❧s ❛r❡ st✐❝❦✲❧✐❦❡ ♠♦♥♦♠❡r ❝r②st❛❧s ♦❢ ✈❛r✐❡❞ ❧❡♥❣t❤s ❛♥❞ ✇✐❞t❤s✳ ❚❤❡s❡ ❝r②st❛❧s✸✶✺

❛r❡ ❞❡♥s❡❧② ❛rr❛♥❣❡❞ t❤r♦✉❣❤♦✉t t❤❡ ❛❝t✐✈❡ ❧❛②❡r✳✹✻ ❈❛❧❧❡♥s ❡t ❛❧✳✷✵ ❢♦✉♥❞ t❤❛t t❤❡r❡

✐s ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ s✐③❡s ♦❢ t❤❡ ❝r②st❛❧s✱ ✇✐t❤ ❛ ♠❡❛♥ ❧❡♥❣t❤ ♦❢ ✾✳✹ ±✺✳✻ µ♠ ❛♥❞ ❛ ♠❡❛♥

✇✐❞t❤ ♦❢ ✶✳✻✷ ±✵✳✸✺ µ♠✳

▲✐♥❡❛❧ ❡♥❡r❣② tr❛♥s❢❡r ✐s t❤❡ ❡♥❡r❣② tr❛♥s❢❡rr❡❞ ❢r♦♠ ❛ ♣❛rt✐❝❧❡ t♦ t❤❡ ♠❡❞✐✉♠

tr❛✈❡rs❡❞ ♣❡r ✉♥✐t ❧❡♥❣t❤✱ ❛♥❞ ✐s t❤❡ ♠✐❝r♦❞♦s✐♠❡tr✐❝ ❛♥❛❧♦❣ t♦ ▲✐♥❡❛r ❊♥❡r❣② ❚r❛♥s✲✸✷✵

❢❡r ✭▲❊❚✮✳ ❚❤❡ ♠❡❛♥ ❧✐♥❡❛❧ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ❝❤❛♥❣❡s ✇✐t❤ ❡♥❡r❣②✳ ❚❤❡ ❧♦✇❡r t❤❡

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

❛♣♣r♦①✐♠❛t✐♦♥ ✭❈❙❉❆✮✳ ❆t ❧♦✇❡r ❡♥❡r❣✐❡s✱ t❤✐s r❡❞✉❝❡❞ ❞❡♣♦s✐t✐♦♥ r❛♥❣❡ r❡s✉❧ts ✐♥

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

❛♥❞ t❤❡✐r ✇✐❞❡r✱ ♠♦r❡ s♣r❡❛❞ ♦✉t✱ ❞❡♣♦s✐t✐♦♥✳ ■t ✐s ❤②♣♦t❤❡s✐③❡❞ t❤❛t t❤❡ ❤✐❣❤❡r ❡♥✲✸✷✺

❡r❣✐❡s r❡❛❝❤ ♠♦r❡ ❛❝t✐✈❡ ❝❡♥t❡rs t❤❛♥ t❤❡ ❧♦✇❡r ❡♥❡r❣✐❡s✳ ❆s ❞✐s❝✉ss❡❞ ❡❛r❧✐❡r✱ ❡❛❝❤

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

❛♥❞ ❛♥ ❡①♣❡❝t❡❞ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡✳ ❯♥❞❡rst❛♥❞✐♥❣ ❤♦✇ t❤❡

❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❛❝t✐✈❡ ❧❛②❡r ❛✛❡❝ts t❤❡ ♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡

✐♥❝♦♠✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ t❤❡ ❛❝t✐✈❡ ▲✐P❈❉❆ ❝r②st❛❧s ✐s ❡ss❡♥t✐❛❧ ❢♦r ❡st✐♠❛t✐♥❣ t❤❡✸✸✵

✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ t❤❡ ✜❧♠✳

❋♦r t❤✐s ✇♦r❦✱ ❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦❢ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ♠❡❝❤❛♥✐❝s ✐♥ t❤❡ ❊❇❚✸

✜❧♠ ✐s ✉s❡❞✳ ❚❤✐s ♠♦❞❡❧ ❛✐♠s t♦ ❞❡s❝r✐❜❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ r❛❞✐❛t✐♦♥ ❞✐str✐❜✉t✐♦♥s

✇✐t❤✐♥ ❛❝t✐✈❡ ▲✐P❈❉❆ ❝r②st❛❧s ❛♥❞ ♥♦t t❤❡ ✐♥❞✐✈✐❞✉❛❧✱ ♠♦❧❡❝✉❧❛r✲❧❡✈❡❧ ❡①❝✐t❛t✐♦♥s ♦❢

♠♦♥♦♠❡r✐❝ ❡❧❡♠❡♥ts✳ ❚❤✐s ✇♦r❦ ♠❛❦❡s s♦♠❡ ❛ss✉♠♣t✐♦♥s✳ ❚❤❡ ✜rst ❛ss✉♠♣t✐♦♥ ✐s✸✸✺

t❤❛t t❤❡ ▲✐P❈❉❆ ❝r②st❛❧s ❛r❡ ❡✐t❤❡r ✏♦♥✑ ♦r ✏♦✛✑✿ ✏♦♥✑ ✐❢ r❛❞✐❛t✐♦♥ ❤❛s ❤✐t ✐ts ❛❝t✐✈❡

❝❡♥t❡r✱ ❛♥❞ ✏♦✛✑ ✐❢ ✐t ❤❛s ♥♦t✳ ❚❤❡ s❡❝♦♥❞ ❛ss✉♠♣t✐♦♥ ✐s t❤❛t t❤❡r❡ ✐s ❛ ♣r♦❜❛❜✐❧✐t②

t❤❛t ❛ t❤r❡s❤♦❧❞ ❛♠♦✉♥t ♦❢ r❛❞✐❛t✐♦♥ ✇✐❧❧ ❛❝t✐✈❛t❡ ❛ ❝❡♥t❡r✱ ❛♥❞ t❤❛t t❤❡r❡ ❛r❡ ❛ ✜♥✐t❡

♥✉♠❜❡r ♦❢ ❝r②st❛❧s ✐♥ ❛♥② ❣✐✈❡♥ ❛r❡❛ ♦❢ t❤❡ ✜❧♠ ❛❝t✐✈❡ ❧❛②❡r✳ ❙✐♥❝❡ t❤❡ t❤r❡s❤♦❧❞

❡♥❡r❣② r❡q✉✐r❡❞ t♦ ✐♥❞✉❝❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ✐s ♦♥ t❤❡ ♦r❞❡r ♦❢ ❛ s✐♥❣❧❡ ❡❱✱✹✼ t❤❡ ❛❝❝✉♠✉✲✸✹✵

❧❛t✐♦♥ ♦❢ ❡♥❡r❣② ❜❡❧♦✇ t❤✐s t❤r❡s❤♦❧❞ ❝❛♥ ❜❡ ❧❛r❣❡❧② ✐❣♥♦r❡❞ ✇❤❡♥ ✐♦♥✐③✐♥❣ r❛❞✐❛t✐♦♥

✐s ❝♦♥s✐❞❡r❡❞✳ ■♥st❡❛❞✱ t❤❡ ✐♦♥✐③❛t✐♦♥ ❞❡♥s✐t② r❡❧❛t✐✈❡ t♦ t❤❡ ❛❝t✐✈❡ ❝❡♥t❡r s♣❛❝✐♥❣ ✐s

❝♦♥s✐❞❡r❡❞ t♦ ❜❡ t❤❡ ❞r✐✈❡r ♦❢ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡ ❞✐✛❡r❡♥❝❡s✳ ❋✐♥❛❧❧②✱ ✐❢ r❛❞✐❛t✐♦♥ ✐s
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♣r❡s❡♥t ❜✉t ♥♦ ✏♦✛✑ ❝r②st❛❧s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ✐♥t❡r❛❝t✐♦♥✱ s❛t✉r❛t✐♦♥ ♦❝❝✉rs✳ ❚❤✉s✱ ❢♦r

❧♦✇❡r ❡♥❡r❣✐❡s✱ s❤♦rt❡r ❞❡♣♦s✐t✐♦♥ r❛♥❣❡s r❡s✉❧t ✐♥ ❤✐❣❤❡r r❛❞✐❛t✐♦♥ ❞❡♥s✐t② ✐♥ ❛ s♠❛❧❧❡r✸✹✺

❛r❡❛ ❛♥❞ ❢❡✇❡r ❛✈❛✐❧❛❜❧❡ ❛❝t✐✈❡ ❝❡♥t❡rs t♦ ✐♥t❡r❛❝t ✇✐t❤✳ ❚❤✐s ❧❡❛❞s t♦ s❛t✉r❛t✐♦♥ ❛t

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

❋r♦♠ t❤❡ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧ ❞✐s❝✉ss❡❞ ✐♥ ❞❡❧ ▼♦r❛❧ ❡t ❛❧✳✱✶✾ t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t✐✈❡

❝❡♥t❡rs str✉❝❦ ✭m✮ ✐s r❡❧❛t❡❞ t♦ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❛❝t✐✈❡ ❝❡♥t❡rs ♣❡r ✉♥✐t ❛r❡❛ ✭M✮

✉s✐♥❣ t❤❡ ❡q✉❛t✐♦♥✿✸✺✵

m = M(1− e−Φσ), ✭✼✮

✇❤❡r❡ Φ ✐s t❤❡ ♣❧❛♥❛r ✢✉❡♥❝❡ ♦❢ ❞✐r❡❝t❧② ✐♦♥✐③✐♥❣ r❛❞✐❛t✐♦♥✱ ❛♥❞ σ ✐s t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦❢

✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❛❝t✐✈❡ ❝❡♥t❡rs ❛♥❞ r❛❞✐❛t✐♦♥✳ ■❢ ✇❡ ❛ss✉♠❡ ❝❤❛r❣❡❞✲♣❛rt✐❝❧❡ ❡q✉✐✲

❧✐❜r✐✉♠ ✭✇❤✐❝❤ ✐s ♣r❡s❡♥t ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣s ✐♥ t❤✐s ✇♦r❦✮✱ Φ ✐s ♣r♦♣♦rt✐♦♥❛❧

t♦ ❞♦s❡ ✭D✮ ✉s✐♥❣ t❤❡ ❡q✉❛t✐♦♥✿✸✺✺

Φ = βD. ✭✽✮

❚❤❡ ❤②♣♦t❤❡s✐s ✐s t❤❛t t❤❡ ♣r♦♣♦rt✐♦♥❛❧✐t② ❝♦♥st❛♥t✱ β✱ ✐s ❞❡♣❡♥❞❡♥t ♦♥ ❜❡❛♠ q✉❛❧✐t②✱

Q❀ s✉❝❤ t❤❛t t❤❡ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ✢✉❡♥❝❡ ✇✐t❤✐♥ ❛❝t✐✈❡ ❝❡♥t❡rs ❞❡♣❡♥❞s ♦♥ Q✱ ❜✉t

t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦❢ ✐♥t❡r❛❝t✐♦♥✱ σ✱ ✐s ♣r♦♣♦rt✐♦♥❛❧ ♦♥❧② t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ❛❝t✐✈❡ ❝❡♥t❡rs✳

❋♦r t❤❡ s✐♠♣❧❡ ♠♦❞❡❧✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ ♠❡❛♥ s✐③❡ ♦❢ t❤❡ ❛❝t✐✈❡ ❝❡♥t❡rs ✐s t❤❡ s✐③❡✸✻✵

♦❢ ❛❧❧ ❛❝t✐✈❡ ❝❡♥t❡rs ✭✇❤✐❝❤ ✐s ❛ ✜❧♠ ✐♥✈❛r✐❛♥t✮✳ σ ✐s t❤❡ ❝♦♥st❛♥t ❝r♦ss s❡❝t✐♦♥ ♦❢

✐♥t❡r❛❝t✐♦♥ ✭✇❤✐❝❤ ❝❛♥ ❜❡ t❤♦✉❣❤t ♦❢ ❛s t❤❡ ♣❤②s✐❝❛❧✱ ❣❡♦♠❡tr✐❝ ❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡

❝❡♥t❡rs✮✳ ❙✐♥❝❡ ♦♣t✐❝❛❧ ❞❡♥s✐t② ❢♦r ❛ ❣✐✈❡♥ q✉❛❧✐t② Q ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦m✱ t❤❡ ❢♦❧❧♦✇✐♥❣

r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ ❜❡ ✇r✐tt❡♥✿

ODQ ∝ M(1− eβQDQσ). ✭✾✮✸✻✺

❇② ✐♥❝❧✉❞✐♥❣ ❛ ♣r♦♣♦rt✐♦♥❛❧✐t② ❝♦♥st❛♥t✱ α✱ ✇❤✐❝❤ r❡♣r❡s❡♥ts t❤❡ s❝❛♥♥❡r r❡s♣♦♥s❡ ♣❡r

❤✐t ❛❝t✐✈❡ ❝❡♥t❡r✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ✜t ❢✉♥❝t✐♦♥ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ❢♦r ❡❛❝❤ ❜❡❛♠ q✉❛❧✐t②✿

ODQ = αM(1− eβQDQσ), ✭✶✵✮

✇❤❡r❡ α ✐s ❝♦♥s✐❞❡r❡❞ ❛ ▲❉❙ s❝❛♥♥❡r ❝♦♥st❛♥t✱ ✇❤✐❧❡ M ❛♥❞ σ ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡

❊❇❚✸ ✜❧♠ ❝♦♥st❛♥ts✳✸✼✵
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❋♦r t❤❡ ✜❢t❡❡♥ ❜❡❛♠ q✉❛❧✐t✐❡s ❛♥❞ s❡✈❡♥ ❞♦s❡ ❧❡✈❡❧s ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✱ ❖❉ ✈❛❧✲

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

❢✉♥❝t✐♦♥ ✭❊q✉❛t✐♦♥ ✶✵✮ ✇❛s ❛♣♣❧✐❡❞ ♦♥❧② t♦ t❤❡ r❡❢❡r❡♥❝❡ ❜❡❛♠ q✉❛❧✐t② ✭✻✵❈♦✮✱ t♦

❞❡t❡r♠✐♥❡ t❤❡ s❝❛♥♥❡r ❛♥❞ ✜❧♠ ❝♦♥st❛♥ts✱ α✱ M ✱ ❛♥❞ σ✳ ❋♦r t❤❡ r❡♠❛✐♥✐♥❣ ❢♦✉rt❡❡♥

❜❡❛♠ q✉❛❧✐t✐❡s✱ t❤❡ ♠♦❞❡❧ ♣r❡❞✐❝ts t❤❛t t❤❡ s✐♥❣❧❡ ❢r❡❡ ♣❛r❛♠❡t❡r✱ βQ✱ ❢✉❧❧② ❝❤❛r❛❝t❡r✲✸✼✺

✐③❡s t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ❛♥❞ ♠❛② ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ✜①✐♥❣ t❤❡ r❡♠❛✐♥✐♥❣

t❤r❡❡ ♣❛r❛♠❡t❡rs t♦ ♠❛t❝❤ t❤♦s❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡ r❡❢❡r❡♥❝❡ ❜❡❛♠✳ ❖♥❝❡ βQ ✐s

❞❡t❡r♠✐♥❡❞ ❢♦r ❛❧❧ ❜❡❛♠ q✉❛❧✐t✐❡s✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ✐s ❛♣♣❧✐❡❞✿

βQ/βref = βrel, ✭✶✶✮

✇❤❡r❡ βrel ✐s t❤❡ r❡❧❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ♦❢ t❤❡ ❜❡❛♠ q✉❛❧✐t② ♦❢ ✐♥t❡r❡st t♦ ✻✵❈♦✳ ❖♥❝❡✸✽✵

✈❛❧✐❞❛t❡❞✱ t❤✐s ♠❡t❤♦❞♦❧♦❣② ♠❛② ♣r♦✈✐❞❡ ✉s❡rs ✇✐t❤ ❛ str❛✐❣❤t❢♦r✇❛r❞ ✇❛② t♦ ❝❤❛r❛❝✲

t❡r✐③❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ✐♥ ❛r❜✐tr❛r② ❜❡❛♠ q✉❛❧✐t✐❡s✳

■■■✳ ❘❊❙❯▲❚❙

❆✳ ■♥tr✐♥s✐❝ ❡♥❡r❣② ❛♥❞ ❞♦s❡ ❞❡♣❡♥❞❡♥❝❡

❚❤❡ ✐♥tr✐♥s✐❝✱ ❛❜s♦r❜❡❞✲❞♦s❡✱ ❛♥❞ t♦t❛❧ ❡♥❡r❣② r❡s♣♦♥s❡s ♦❢ ❊❇❚✸✲❱✸ ✜❧♠ r❡❧❛t✐✈❡✸✽✺

t♦ ✻✵❈♦ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❚❛❜❧❡ ■■■✳ ❚❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ❢♦r ❞♦s❡

❧❡✈❡❧s ✺✵✵ ♠●② ❛♥❞ ❣r❡❛t❡r ❛r❡ ♣❧♦tt❡❞ ✐♥ ❋✐❣✉r❡ ✸✳ ❯♥❞❡rr❡s♣♦♥s❡ t♦ ❧♦✇ ❡♥❡r❣✐❡s✱ ❛s

✇❡❧❧ ❛s ❛ ❞✐♣ ✐♥ r❡s♣♦♥s❡ ❛t ❛♣♣r♦①✐♠❛t❡❧② ✻✼ ❦❡❱✱ ❛r❡ r❡❧❛t✐✈❡❧② ❝♦♥s✐st❡♥t ❛❝r♦ss ❛❧❧

✜✈❡ ❞♦s❡ ❧❡✈❡❧s ❛s ♥♦t✐❝❡❛❜❧❡ ✐♥ ❋✐❣✉r❡ ✸✳ ❋♦r ❡✛❡❝t✐✈❡ ❡♥❡r❣✐❡s ♦❢ ✶✾ t♦ ✶✹✺ ❦❡❱✱ t❤❡

✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ✐s r❡❧❛t✐✈❡❧② ❝♦♥s✐st❡♥t✱ r❛♥❣✐♥❣ ❢r♦♠ ✸ t♦ ✼✪ ✉♥❞❡rr❡s♣♦♥s❡✸✾✵

r❡❧❛t✐✈❡ t♦ ✻✵❈♦✳ ❚❤❡ ♠❛①✐♠✉♠ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ♦❢ t❤❡ ✜✈❡ ❞♦s❡ ❧❡✈❡❧s

❢♦r ❛❧❧ ❡♥❡r❣✐❡s ✇❛s ✷✳✷✪✳ ❆❧❧ ❞♦s❡ ❞✐✛❡r❡♥❝❡s ✇❡r❡ ✇✐t❤✐♥ t❤❡ ♦✈❡r❛❧❧ ✉♥❝❡rt❛✐♥t② ♦❢

t❤❡ ♠❡❛s✉r❡♠❡♥ts ✭✸✳✻✺✪ ❛t t❤❡ k❂✷ ❧❡✈❡❧✮✳ ❋♦r ❢✉rt❤❡r ✉♥❝❡rt❛✐♥t② ❞✐s❝✉ss✐♦♥✱ s❡❡

t❤❡ ❯♥❝❡rt❛✐♥t② ❆♥❛❧②s✐s s❡❝t✐♦♥ ❜❡❧♦✇✳ ■t ✐s ♦❢ ♥♦t❡ t❤❛t ✉s✐♥❣ ❞✐✛❡r❡♥t r❡❢❡r❡♥❝❡

♠❡❞✐❛ ❤❛s t❤❡ ♣♦t❡♥t✐❛❧ t♦ r❡s✉❧t ✐♥ ❞✐✛❡r❡♥t krel
bq ✈❛❧✉❡s ❞✉❡ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ t♦t❛❧ ❞♦s❡✸✾✺

t♦ t❤❡ ✜❧♠ ❛❝t✐✈❡ ❧❛②❡r✳ ❲❤✐❧❡ t❤✐s ✇♦r❦ ❤❛s s❤♦✇♥ ♠✐♥✐♠❛❧ ❞♦s❡ ❞❡♣❡♥❞❡♥❝❡ ❢♦r t❤❡

✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡✱ ✐t ✐s ✇♦rt❤ ❝♦♥s✐❞❡r❛t✐♦♥ ✇❤❡♥ ✉s✐♥❣ ❞✐✛❡r❡♥t r❡❢❡r❡♥❝❡
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♠❡❞✐❛✳

❚❤❡ ✈❛❧✉❡s ❢♦r t❤❡ t✇♦ ❧♦✇❡st ❞♦s❡ ❧❡✈❡❧s✱ ✺✼ ❛♥❞ ✶✵✸ ♠●②✱ ✇❡r❡ ♥♦t ✐♥❝❧✉❞❡❞

✐♥ ❚❛❜❧❡ ■■■ ♦r ❋✐❣✉r❡ ✸ ❞✉❡ t♦ ♣♦♦r s✐❣♥❛❧ r❡s✉❧t✐♥❣ ✐♥ ❤✐❣❤ st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t②✳✹✵✵

❚❤✐s s✐❣♥❛❧✲t♦✲♥♦✐s❡ ✐ss✉❡ ✐s ❡①❛❝❡r❜❛t❡❞ ❛t t❤❡ ❧♦✇❡r ❡♥❡r❣✐❡s✱ ❛t ✇❤✐❝❤ t❤❡ ✐♥tr✐♥s✐❝

✉♥❞❡rr❡s♣♦♥s❡ ✐s ❣r❡❛t❡st✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ✉♥❝❡rt❛✐♥t②✱ ✐t ✐s ✉♥❝❧❡❛r ✇❤❡t❤❡r ❞♦s❡s

❧♦✇❡r t❤❛♥ ✺✵✵ ♠●② ❡①❤✐❜✐t s✐♠✐❧❛r ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ❛s ❤✐❣❤❡r ❞♦s❡s✳ ❚❤❡

❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ t❤❡ ❊❇❚✸✴▲❉❙ ❞♦s✐♠❡tr② s②st❡♠ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ s✐❣♥❛❧✲t♦✲

♥♦✐s❡ ✭❙◆❘✮ r❛t✐♦ ❛t ❛ ✈❛r✐❡t② ♦❢ ❞♦s❡ ❧❡✈❡❧s✳ ■♥ t❤✐s ❛♣♣❧✐❝❛t✐♦♥✱ ❙◆❘ ✇❛s r❡❞✉❝❡❞✹✵✺

❜② ❛ ❢❛❝t♦r ♦❢ ✸ ❛♥❞ ✷✳✺ ❢♦r ❞♦s❡ ❧❡✈❡❧s ♦❢ ✺✼ ❛♥❞ ✶✵✸ ♠●②✱ r❡s♣❡❝t✐✈❡❧②✱ ❛s ❝♦♠♣❛r❡❞

t♦ ✶✾✾✽ ♠●②✳ ❙✐♥❝❡ ✉♣ t♦ ❛♥ ❛❞❞✐t✐♦♥❛❧ ✷✵✪ r❡s♣♦♥s❡ r❡❞✉❝t✐♦♥ ❢♦r ❊❇❚✸✲❱✸ ✐s

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

❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❡♥❡r❣② r❡s♣♦♥s❡ ❛t t❤❡s❡ t✇♦ ❞♦s❡ ❧❡✈❡❧s✳

❋✐❣✉r❡ ✹ s❤♦✇s t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡ ♦✈❡r ❛❧❧ ❞♦s❡ ❧❡✈❡❧s ❜❡✲✹✶✵

t✇❡❡♥ ✶✵✸ ❛♥❞ ✼✵✵✷ ♠●②✳ ❚❤❡ ✶✵✸ ♠●② ❞♦s❡ ❧❡✈❡❧ ✇❛s ❛❞❞❡❞ t♦ t❤✐s ❛♥❛❧②s✐s t♦

❞❡♠♦♥str❛t❡ t❤❡ ✐ss✉❡s ♦❢ ❧♦✇✲❡♥❡r❣②✱ ❧♦✇✲❞♦s❡ r❡❧❛t✐✈❡ ♠❡❛s✉r❡♠❡♥ts✳ ■♥❝❧✉❞✐♥❣ t❤❡

✶✵✸ ♠●② ❞❛t❛ ✐♥❝r❡❛s❡s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❢♦r ❛❧❧ ❡♥❡r❣✐❡s✱ ❛♥❞ ❛❧s♦ ❣r❡❛t❧② ✐♥✲

❝r❡❛s❡s t❤❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ✻✵❈♦ r❡s♣♦♥s❡ ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳ ❚❤❡ ❧✐♠✐t❡❞ s✐❣♥❛❧ ❛t ❧♦✇

❡♥❡r❣✐❡s ✭❞✉❡ t♦ ✉♥❞❡rr❡s♣♦♥s❡✮ ❛t ❧♦✇ ❞♦s❡ ❧❡✈❡❧s ♣r❡✈❡♥ts ♠❡❛♥✐♥❣❢✉❧ ✐♥t❡r♣r❡t❛t✐♦♥✹✶✺

♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ t❤❛t ✇❛s ❛tt❛✐♥❡❞ ❛t ❜♦t❤ ❧♦✇ ❡♥❡r❣② ❛♥❞ ❧♦✇ ❞♦s❡ ❧❡✈❡❧s✳

❇✳ ▼❡❛s✉r❡♠❡♥t ✉♥❝❡rt❛✐♥t② ❛♥❛❧②s✐s

❆ ❢✉❧❧ ✉♥❝❡rt❛✐♥t② ❛♥❛❧②s✐s ❢♦r t❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ■❱✳

❚❤❡ ❛♥❛❧②s✐s ✇❛s ❝♦♠♣❧❡t❡❞ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ◆■❙❚ ❚❡❝❤♥✐❝❛❧ ◆♦t❡ ✶✷✾✼

♠❡t❤♦❞♦❧♦❣②✳✹✽ ❚❤❡ ❛✐r✲❦❡r♠❛ ❛♥❞ ❜❡❛♠ ✉♥✐❢♦r♠✐t② ✉♥❝❡rt❛✐♥t✐❡s ✇❡r❡ t❛❦❡♥ ❢r♦♠✹✷✵

t❤❡ ❯❲❆❉❈▲ ✉♥❝❡rt❛✐♥t② ❜✉❞❣❡ts ❢♦r t❤❡r❛♣②✲❝❧❛ss ✐♦♥ ❝❤❛♠❜❡r ❝❛❧✐❜r❛t✐♦♥s✳✹✾ ❚❤❡

✜❧♠ ♣♦s✐t✐♦♥✐♥❣ ✉♥❝❡rt❛✐♥t② ✐♥❝❧✉❞❡s ❜♦t❤ t❤❡ r❡♣❡❛t❛❜✐❧✐t② ♦❢ t❤❡ ✜❧♠ ♣❧❛❝❡♠❡♥t

✇✐t❤✐♥ t❤❡ ❛❧✐❣♥♠❡♥t s②st❡♠s ❛s ✇❡❧❧ ❛s t❤❡ ♣r❡❝✐s✐♦♥ ♦❢ t❤❡ ❛❧✐❣♥♠❡♥t s②st❡♠s✳ ❚❤✐s

♣♦s✐t✐♦♥✐♥❣ ✉♥❝❡rt❛✐♥t② ✐s ❜❛s❡❞ ♦♥ ❛ ♣r❡❝✐s✐♦♥ ♦❢ ± ✶ ♠♠✱ ❛♥❞ ❛ r❡❝t❛♥❣✉❧❛r ❞✐s✲

tr✐❜✉t✐♦♥ ✇❛s ❛ss✉♠❡❞✳ ❚❤❡ ✜❧♠ ❛♥❞ s❝❛♥♥❡r ✉♥✐❢♦r♠✐t② ✉♥❝❡rt❛✐♥t② ✐♥❝❧✉❞❡s ❜♦t❤✹✷✺
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❚❆❇▲❊ ■■■✳ ▼❡❛s✉r❡❞ ✐♥tr✐♥s✐❝✱ ❝❛❧❝✉❧❛t❡❞ ❛❜s♦r❜❡❞✲❞♦s❡✱ ❛♥❞ t♦t❛❧ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢

❊❇❚✸✲❱✸ r❡❧❛t✐✈❡ t♦ ✻✵❈♦ ❢♦r ❞♦s❡ ❧❡✈❡❧s ✺✵✵ t♦ ✼✵✵✷ ♠●②✳ ❯♥❝❡rt❛✐♥t② ❢♦r t❤❡ ✐♥tr✐♥s✐❝

❡♥❡r❣② r❡s♣♦♥s❡ r❡s✉❧ts ❛r❡ ❞✐s♣❧❛②❡❞ ❛s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ r❡s♣♦♥s❡ ♦✈❡r

❛❧❧ ❞♦s❡s ❛t ❛ ❣✐✈❡♥ ❡✛❡❝t✐✈❡ ❡♥❡r❣②✳ ❚❤❡ ❛❜s♦r❜❡❞✲❞♦s❡ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡ t❤❡ ♣r♦♣❛❣❛t❡❞

st❛t✐st✐❝❛❧ ❡rr♦rs ♦❢ t❤❡ ▼♦♥t❡ ❈❛r❧♦ Dfilm/Kair ❝❛❧❝✉❧❛t✐♦♥s✳

❊✛❡❝t✐✈❡ ❯❲▼❘❘❈ ■♥tr✐♥s✐❝ ❆❜s♦r❜❡❞ ❞♦s❡ ❚♦t❛❧

❡♥❡r❣② ✭❦❡❱✮ ❜❡❛♠ q✉❛❧✐t② (krelbq) (1/f rel
ADW) (Srel = krelbq/f

rel)

✶✶✳✺ ❯❲✲✷✵▼ ✵✳✽✷✷ ± ✶✳✾✪ ✵✳✾✽✽ ± ✵✳✸✪ ✵✳✽✶✷ ± ✶✳✾✪

✶✺✳✺ ❯❲✲✸✵▼ ✵✳✽✾✽ ± ✶✳✻✪ ✵✳✾✼✼ ± ✵✳✹✪ ✵✳✽✼✼ ± ✶✳✻✪

✶✾✳✽ ❯❲✲✹✵▼ ✵✳✾✸✹ ± ✷✳✶✪ ✵✳✾✼✹ ± ✵✳✹✪ ✵✳✾✶✵ ± ✷✳✶✪

✷✷✳✹ ❯❲✲✺✵▼ ✵✳✾✺✹ ± ✶✳✻✪ ✵✳✾✼✷ ± ✵✳✺✪ ✵✳✾✷✽ ± ✶✳✼✪

✷✻✳✾ ❯❲✲✻✵▼ ✵✳✾✼✸ ± ✷✳✷✪ ✵✳✾✻✺ ± ✵✳✻✪ ✵✳✾✸✾ ± ✷✳✸✪

✸✷✳✼ ❯❲✲✶✵✵▲ ✵✳✾✺✼ ± ✶✳✺✪ ✵✳✾✻✵ ± ✵✳✼✪ ✵✳✾✶✽ ± ✶✳✻✪

✸✸✳✺ ❯❲✲✽✵▼ ✵✳✾✺✽ ± ✶✳✷✪ ✵✳✾✺✻ ± ✵✳✽✪ ✵✳✾✶✻ ± ✶✳✹✪

✹✷✳✶ ❯❲✲✶✵✵▼ ✵✳✾✺✾ ± ✶✳✾✪ ✵✳✾✺✹ ± ✵✳✽✪ ✵✳✾✶✺ ± ✷✳✶✪

✹✾✳✾ ❯❲✲✶✷✵▼ ✵✳✾✹✶ ± ✶✳✷✪ ✵✳✾✹✻ ± ✵✳✽✪ ✵✳✽✾✵ ± ✶✳✺✪

✻✼✳✵ ❯❲✲✶✺✵▼ ✵✳✾✸✹ ± ✵✳✾✪ ✵✳✾✺✵ ± ✵✳✼✪ ✵✳✽✽✼ ± ✶✳✶✪

✽✺✳✾ ❯❲✲✶✵✵❍ ✵✳✾✹✼ ± ✵✳✽✪ ✵✳✾✻✵ ± ✵✳✼✪ ✵✳✾✵✾ ± ✶✳✶✪

✾✾✳✽ ❯❲✲✷✵✵▼ ✵✳✾✹✼ ± ✷✳✷✪ ✵✳✾✼✶ ± ✵✳✼✪ ✵✳✾✷✵ ± ✷✳✸✪

✶✹✺ ❯❲✲✷✺✵▼ ✵✳✾✻✻ ± ✷✳✶✪ ✵✳✾✾✸ ± ✵✳✽✪ ✵✳✾✺✾ ± ✷✳✸✪

✻✻✷ ✶✸✼❈s ✶✳✵✵✵ ± ✶✳✽✪ ✶✳✵✵✾ ± ✵✳✹✪ ✶✳✵✵✾ ± ✶✳✾✪

✐♥t❡r✲ ❛♥❞ ✐♥tr❛✲✜❧♠ ✉♥❝❡rt❛✐♥t② ❛s ✇❡❧❧ ❛s t❤❡ ▲❉❙ ♠❡❛s✉r❡♠❡♥t ✉♥❝❡rt❛✐♥t②✳ ❚❤❡

❚②♣❡ ❆ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤✐s ✉♥❝❡rt❛✐♥t② ✈❛❧✉❡ ✐s ❜❛s❡❞ ✉♣♦♥ t❤❡ ❛✈❡r❛❣❡ st❛♥❞❛r❞

❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❖❉ ❢♦r ❡✈❡r② ♣❛❝❦ ♦❢ s✐① ✜❧♠s ✭✼✵ ♦❢ t❤❡s❡ ♣❛❝❦s t♦t❛❧✮

✇❤✐❧❡ t❤❡ ❚②♣❡ ❇ ❝♦♥tr✐❜✉t✐♦♥ ✐s ❜❛s❡❞ ✉♣♦♥ t❤❡ ❤✐❣❤❡st st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❢♦r ❛♥②

♦♥❡ ♦❢ t❤❡s❡ ♣❛❝❦s✳ ❚❤❡ ❤✐❣❤❡st st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✇❛s ✉s❡❞ t♦ ❡st❛❜❧✐s❤ ❛♥ ✉♣♣❡r✹✸✵

❧✐♠✐t ♦♥ t❤❡ ✉♥❝❡rt❛✐♥t②✱ ❛♥❞ ❛ r❡❝t❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✇❛s ❛ss✉♠❡❞✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧

✜❧♠ ❞❡✈❡❧♦♣♠❡♥t ✉♥❝❡rt❛✐♥t② ✐s t❤❡ ❛❞❞❡❞ ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ ✜❧♠ ❞❡✈❡❧♦♣♠❡♥t ❞✉❡ t♦
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❋■●✳ ✸✳ ■♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ ●❛❢❈❤r♦♠✐❝ ❊❇❚✸✲❱✸ ✜❧♠ ❜② ❞♦s❡ ❧❡✈❡❧✳ ❊rr♦r ❜❛rs

❛r❡ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❢♦r t❤❡ s✐① ✐♥❞✐✈✐❞✉❛❧ ✜❧♠ ❖❉ r❡❛❞✐♥❣s✳

✈❛r✐❛❜❧❡s ♥♦t ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ✐rr❛❞✐❛t✐♦♥ ♦❢ t❤❡ ✜❧♠ ❛s ✐♥✈❡st✐❣❛t❡❞ ✐♥ ♣r❡✈✐♦✉s

✈❡rs✐♦♥s ♦❢ ❊❇❚ ✜❧♠✳ ❊①♣♦s✉r❡ t♦ ❯❱ ❧✐❣❤t✱✷✹✕✷✻ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤✉♠✐❞✐t② ✢✉❝t✉✲

❛t✐♦♥s ❞✉r✐♥❣ st♦r❛❣❡ ❛♥❞ s❝❛♥♥✐♥❣✱✷✼✕✷✾ ❛♥❞ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ♣♦st✲❡①♣♦s✉r❡ ❞❡❧❛②✹✸✺

❜❡❢♦r❡ s❝❛♥♥✐♥❣✹✹✱✹✺ ❝❛♥ ❛❧❧ ❝♦♥tr✐❜✉t❡ t♦ ✉♥✇❛♥t❡❞✱ ✈❛r✐❡❞ ✜❧♠ ❞❡✈❡❧♦♣♠❡♥t ✐❢ ♥♦t

❝♦♥tr♦❧❧❡❞✳ ❆s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ▼❡t❤♦❞s s❡❝t✐♦♥✱ ❣r❡❛t ❝❛r❡ ✇❛s t❛❦❡♥ t♦ ❢♦❧❧♦✇ ♣❛st

r❡❝♦♠♠❡♥❞❛t✐♦♥s ❢♦r ♦t❤❡r ❢♦r♠✉❧❛t✐♦♥s ♦❢ ❊❇❚ ✜❧♠ ❛♥❞ ♠✐♥✐♠✐③❡ t❤❡s❡ ❡✛❡❝ts✳ ❆s

♠❛♥② ♦❢ t❤❡s❡ ♣❛st ✐♥✈❡st✐❣❛t✐♦♥s ✇❡r❡ ♦♥ ♣r❡✈✐♦✉s ✈❡rs✐♦♥s ♦❢ ❊❇❚ ✜❧♠✱ ❛ ❝❛✉t✐♦✉s

❛♣♣r♦❛❝❤ ✐♥ ❡st✐♠❛t✐♥❣ t❤❡ ✉♥❝❡rt❛✐♥t② ❞✉❡ t♦ t❤❡s❡ ✈❛r✐❛❜❧❡s ✇❛s t❛❦❡♥✳ ❚❤❡ ✈❛❧✉❡✹✹✵

♦❢ ✵✳✺✪ ✐s ❜♦t❤ ❛ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ ❛❞❞❡❞ ✉♥❝❡rt❛✐♥t② ❢♦✉♥❞ ✐♥ t❤❡s❡ st✉❞✐❡s

❛s ✇❡❧❧ ❛s ✐♥t❡r♥❛❧ ♠❡❛s✉r❡♠❡♥ts ❜❛s❡❞ ♦♥ ♦✉r ♠❡t❤♦❞♦❧♦❣② ❛♥❞ ♦✉r ❢♦r♠✉❧❛t✐♦♥ ♦❢

t❤❡ ❊❇❚✸ ✜❧♠✳ ❚❤❡ s❝❛♥ ♦r✐❡♥t❛t✐♦♥ ✉♥❝❡rt❛✐♥t② ✐s ❛ ❝♦♥s❡r✈❛t✐✈❡ ❡st✐♠❛t❡ ❜❛s❡❞
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❋■●✳ ✹✳ ❚❤❡ s♣r❡❛❞ ❛♥❞ s❦❡✇♥❡ss ♦❢ t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ♥♦r♠❛❧✐③❡❞ t♦ ✻✵❈♦

✐s s❤♦✇♥ ❢♦r ❡❛❝❤ ♠❡❛s✉r❡❞ ❜❡❛♠✱ ✇✐t❤ t❤❡ ✶✵✸ ♠●② ❞♦s❡ ❧❡✈❡❧ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❝❡♥tr❛❧ ❧✐♥❡

✐♥s✐❞❡ t❤❡ ❜♦① ❢♦r ❡❛❝❤ ❜❡❛♠ r❡♣r❡s❡♥ts t❤❡ ♠❡❞✐❛♥ ♦❢ t❤❡ ❞❛t❛✱ ❛♥❞ t❤❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r

❧✐♠✐ts ♦❢ t❤❡ ❜♦① r❡♣r❡s❡♥t t❤❡ ✼✺t❤ ❛♥❞ ✷✺t❤ ♣❡r❝❡♥t✐❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❉❛t❛ ♦✉ts✐❞❡ ♦❢ t❤r❡❡

t✐♠❡s t❤❡ ✐♥t❡rq✉❛rt✐❧❡ r❛♥❣❡ ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ♦✉t❧✐❡rs✱ ❛♥❞ ❛r❡ ♣❧♦tt❡❞ ✐♥❞✐✈✐❞✉❛❧❧② ❛s ❞♦ts✳

❚❤❡ ✇❤✐s❦❡rs ✐♥❞✐❝❛t❡ t❤❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r ❧✐♠✐ts ♦❢ ❞❛t❛s❡t✱ ♥♦t ✐♥❝❧✉❞✐♥❣ ❛♥② ♦✉t❧✐❡rs✳ ◆♦t❡

t❤❛t ❛❧❧ ♦✉t❧✐❡rs ❛r❡ ✶✵✸ ♠●② ✈❛❧✉❡s✳

✉♣♦♥ t❤❡ ▲❉❙ r♦t❛t✐♦♥❛❧ ❞❡♣❡♥❞❡♥❝❡ st✉❞② ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❘♦s❡♥ ❡t ❛❧✳✸✽ ❚❤❡ st✉❞②

❢♦✉♥❞ t❤❛t t❤❡ ♣♦t❡♥t✐❛❧ r♦t❛t✐♦♥❛❧ ✈❛r✐❛♥❝❡ ♣♦ss✐❜❧❡ ❢♦r ❛ ♣✐❡❝❡ ♦❢ ✜❧♠ ✇✐t❤✐♥ t❤❡✹✹✺

▲❉❙ ❤♦❧❞❡r ✇❛s ♥❡❣❧✐❣✐❜❧❡✳ ❚❤❡ ▼♦♥t❡ ❈❛r❧♦ ✉♥❝❡rt❛✐♥t✐❡s ❛❝❝♦✉♥t ❢♦r ✉♥❝❡rt❛✐♥t✐❡s

✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ r❛t✐♦s ♦❢ ❞♦s❡ t♦ ✜❧♠ ♣❡r ❛✐r ❦❡r♠❛ ✭Dfilm/Kair✮ t❤❛t ✇❡r❡

✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞♦s❡ ❞❡❧✐✈❡r❡❞ t♦ ❡❛❝❤ s❡t ♦❢ ✜❧♠s✳ ❯♥❝❡rt❛✐♥t② ❞✉❡ t♦ ✐♥❡①❛❝t

s♣❡❝tr❛ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ♠✐♥✐♠❛❧ ❛s t✇♦ ❜❡❛♠s ✇✐t❤ s✐♠✐❧❛r ❡✛❡❝t✐✈❡ ❡♥❡r❣✐❡s ❜✉t

❞✐✛❡r❡♥t s♣❡❝tr❛✱ ❯❲✲✶✵✵▲ ❛♥❞ ❯❲✲✽✵▼✱ ❤❛✈❡ s✐♠✐❧❛r r❡❧❛t✐✈❡ ❡♥❡r❣② r❡s♣♦♥s❡✳ P❡r✹✺✵

◆✉♥♥ ❡t ❛❧✳✱✶✼ t❤❡ ❧❛r❣❡st ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤✐s ✉♥❝❡rt❛✐♥t② ✇❛s t❤❡ ✐♠♣❛❝t ♦❢ ❧♦✇

❡♥❡r❣② ♣❤♦t♦♥s✳ ❙✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ♣❤♦t♦♥ ❡♥❡r❣② ❝✉t♦✛s ♦❢ ❜♦t❤
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✶ ❛♥❞ ✶✵ ❦❡❱ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣♦t❡♥t✐❛❧ ❡✛❡❝t ♦♥ t❤❡ ✈❛r✐♦✉s ❜❡❛♠ q✉❛❧✐t✐❡s✳ ❆s

❡①♣❡❝t❡❞✱ t❤❡ ❝❤❛♥❣❡ ✐♥ ♣❤♦t♦♥ ❝✉t♦✛ ❡♥❡r❣② ♣r✐♠❛r✐❧② ❛✛❡❝t❡❞ t❤❡ ❧♦✇❡r ❡♥❡r❣②

❜❡❛♠s✳ P❡r❝❡♥t ❝❤❛♥❣❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ s✐♠✉❧❛t✐♦♥s ✇❛s ❞❡t❡r♠✐♥❡❞ ❢♦r ❡❛❝❤ ❜❡❛♠✹✺✺
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❈✳ ❙✐♥❣❧❡✲❤✐t r❡s✉❧ts

❚❛❜❧❡ ❱ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ s✐♥❣❧❡✲❢r❡❡✲♣❛r❛♠❡t❡r ✭β✮ ✜t ❝❛❧❝✉❧❛t✐♦♥s ❞❡r✐✈❡❞

❢r♦♠ t❤❡ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧ ✐♥ t❤✐s ✇♦r❦✳ ❚♦ ❝♦♠♣❛r❡ t❤❡s❡ r❡s✉❧ts ✇✐t❤ t❤❡ ✐♥tr✐♥s✐❝

❡♥❡r❣② ❞❛t❛✱ βrel ❛♥❞ krel
bq ❛r❡ ❧✐st❡❞ ❛♥❞ ❝♦♠♣❛r❡❞✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ βrel ❛♥❞✹✻✵

krel
bq s✉❣❣❡sts t❤❛t β✱ ❛t ❧❡❛st ✐♥ ♣❛rt✱ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s

t❤❛t ❞❡t❡r♠✐♥❡ t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ t❤❡ ✜❧♠ ❛♥❞ t❤❛t βQ ✐s ✐♥❞❡❡❞ ❛

❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ✢✉❡♥❝❡ ♣❡r ✉♥✐t ❞♦s❡ ✐♥ t❤❡ ❛❝t✐✈❡ ❝❡♥t❡rs✳

❉✳ ❊❇❚✸✲❱✷ ❛♥❞ ❊❇❚✸✲❱✸ ❝♦♠♣❛r✐s♦♥

❋✐❣✉r❡ ✺ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ ❜♦t❤✹✻✺

❊❇❚✸✲❱✷ ❛♥❞ ❊❇❚✸✲❱✸ ❛t ✻✾✾♠●②✳ ◆♦t❡ t❤❛t t❤❡ ❝♦♠♣♦s✐t✐♦♥❛❧ ❝❤❛♥❣❡ ✐♥ ❱✸ ❤❛s

❣r❡❛t❧② ✐♠♣r♦✈❡❞ t❤❡ ❧♦✇✲❡♥❡r❣② ✉♥❞❡rr❡s♣♦♥s❡ ❡✈✐❞❡♥t ✐♥ ❱✷✳ ❚❤✐s ✐♠♣r♦✈❡♠❡♥t ✐♥

r❡s♣♦♥s❡ ✐s ♦❢ ✐♥t❡r❡st ❛s ✐t r❡♣r❡s❡♥ts t❤❡ ❝❤❛♥❣❡ ✐♥ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ✇✐t❤✐♥ t❤❡ ✜❧♠

❛❝t✐✈❡ ❧❛②❡r ❜❡t✇❡❡♥ t❤❡ t✇♦ ❢♦r♠✉❧❛t✐♦♥s✳ ❆s ❞✐s❝✉ss❡❞ ❡❛r❧✐❡r✱ ❧♦✇❡r ❡♥❡r❣✐❡s ❤❛✈❡

❛ ❧♦✇❡r ❞❡♣♦s✐t✐♦♥ r❛♥❣❡ r❡❧❛t✐✈❡ t♦ ❤✐❣❤❡r ❡♥❡r❣✐❡s✱ ❛♥❞ t❤❡ ❤✐❣❤❡r ❩ ❡❧❡♠❡♥ts ✐♥ t❤❡✹✼✵

❛❝t✐✈❡ ❧❛②❡r ♦❢ t❤❡ ❊❇❚✸✲❱✷ ❢✉rt❤❡r ✐♥❝r❡❛s❡ t❤❡ ❛tt❡♥✉❛t✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❛❝t✐✈❡

❧❛②❡r ❣❡❧❛t✐♥✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s❡❞ ❞❡♣♦st✐♦♥ r❛♥❣❡ ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❢❡✇❡r ❛❝t✐✈❡

❝❡♥t❡rs ❛✈❛✐❧❛❜❧❡ ❢♦r ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ ✐♥❝♦♠✐♥❣ r❛❞✐❛t✐♦♥✱ ❡①❛❝❡r❜❛t✐♥❣ t❤❡ s❛t✉r❛t✐♦♥

✐ss✉❡ ❢♦r ❧♦✇ ❡♥❡r❣✐❡s✳ ❈♦♥✈❡rs❡❧②✱ t❤❡ ♠♦r❡ ✇❛t❡r ❡q✉✐✈❛❧❡♥t ✭❧♦✇❡r Z✮ ❊❇❚✸✲❱✸ ✜❧♠

❛❧❧♦✇s ❢♦r ❛ ✇✐❞❡r ❞❡♣♦st✐♦♥ r❛♥❣❡ r❡s✉❧t✐♥❣ ✐♥ ❧❡ss s❛t✉r❛t✐♦♥✳✹✼✺

■❱✳ ❉■❙❈❯❙❙■❖◆

❚❛❜❧❡ ■■■ s❤♦✇s t❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝✱ ❝❛❧❝✉❧❛t❡❞ ❛❜s♦r❜❡❞✲❞♦s❡✱ ❛♥❞ ❝♦♠❜✐♥❡❞

t♦t❛❧ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ ❊❇❚✸✲❱✸ ✜❧♠✳ ❆ s❛♠♣❧❡ ✉♥❝❡rt❛✐♥t② ❜✉❞❣❡t ✐s ✐♥❝❧✉❞❡❞

✐♥ ❚❛❜❧❡ ■❱✳ ❙✐♥❝❡ t❤❡ s♣r❡❛❞ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ r❡s✉❧ts ❛r❡

t❛❦❡♥ ❛s ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ✉♥❝❡rt❛✐♥t② ❢♦r t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡✱ t❤❡ st❛♥❞❛r❞✹✽✵

❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ r❡s♣♦♥s❡ ♦✈❡r ❛❧❧ ❞♦s❡s ❛t ❛ ❣✐✈❡♥ ❡✛❡❝t✐✈❡ ❡♥❡r❣② ✇❛s ❛❞❞❡❞ ✐♥

q✉❛❞r❛t✉r❡ ✇✐t❤ t❤❡ ▼♦♥t❡ ❈❛r❧♦✲❝❛❧❝✉❧❛t❡❞ st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t② t♦ ❝❛❧❝✉❧❛t❡ ❚②♣❡
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✭✶✾✾✼ ❛♥❞ ✼✵✵✷ ♠●② ✐rr❛❞✐❛t✐♦♥s ✇❡r❡ ♥♦t ♣❡r❢♦r♠❡❞ ❞✉❡ t♦ ✐rr❛❞✐❛t✐♦♥ t✐♠❡ r❡str❛✐♥ts✮

✸ ❖❉ ✈❛❧✉❡s ❢♦r ❞♦s❡s ✺✵✵✱ ✻✾✾✱ ✾✾✼ ❛♥❞ ✶✾✾✼ ♠●② ✉s❡❞

✭✼✵✵✷ ♠●② ♥♦t ✉s❡❞ ❞✉❡ t♦ ✐rr❛❞✐❛t✐♦♥ ❡rr♦r✮

❆ ✉♥❝❡rt❛✐♥t②✳ ❚❛❜✉❧❛t❡❞ ❚②♣❡ ❇ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ■❱✳
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❋■●✳ ✺✳ ❚❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ r❡❧❛t✐✈❡ t♦ ✻✵❈♦ ❛t ✻✾✾♠●② ❢♦r ❊❇❚✸✲❱✷ ❛♥❞ ❊❇❚✸✲

❱✸✳ ❊rr♦r ❜❛rs ❛r❡ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❢♦r t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✜❧♠ ❖❉ r❡❛❞✐♥❣s

❛♥❞ ❛r❡ ✐♥❝❧✉❞❡❞ ❜✉t ♠♦st❧② ♦❜s❝✉r❡❞ ❜② ❞❛t❛ ♣♦✐♥t ♠❛r❦❡rs✳

❆✳ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ ✐♥tr✐♥s✐❝ ❡♥❡r❣②✲r❡s♣♦♥s❡ ❝♦rr❡❝t✐♦♥

❚❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡s ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ■■■ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♥♦r♠❛❧✐③❡ t❤❡✹✽✺

r❡s♣♦♥s❡ ♦❢ ❊❇❚✸✲❱✸ ✜❧♠s ✐rr❛❞✐❛t❡❞ ❛t t✇♦ ♦r ♠♦r❡ ❞✐✛❡r❡♥t ❡♥❡r❣✐❡s✳ ❚❤❡s❡ ❝♦r✲

r❡❝t✐♦♥ ❢❛❝t♦rs ❛r❡ ❛♣♣❧✐❝❛❜❧❡ ❢♦r ❞♦s❡s ❜❡t✇❡❡♥ ✺✵✵ ❛♥❞ ✼✵✵✷♠●②✳

❊❇❚✸✲❱✸ ✜❧♠ ❤❛s ❛ ❣r❡❛t❧② r❡❞✉❝❡❞ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ ❛s ❝♦♠♣❛r❡❞ t♦ ♣r❡✈✐♦✉s

✐t❡r❛t✐♦♥s ♦❢ ❊❇❚ ✜❧♠s❀✶✶✱✶✷ ❤♦✇❡✈❡r✱ t❤✐s ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ st✐❧❧ ✇❛rr❛♥ts ❝♦♥s✐❞❡r✲

❛t✐♦♥ ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳ ❲❤❡♥ ♣❡r❢♦r♠✐♥❣ ❝♦♠♣❛r❛t✐✈❡ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②s✐s ❜❡t✇❡❡♥✹✾✵

✜❧♠ s❛♠♣❧❡s ✐♥ ❞✐✛❡r❡♥t ✐rr❛❞✐❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts ♦r ❣❡♦♠❡tr✐❡s✱ ✐t ✐s ♥❡❝❡ss❛r② t♦

❦♥♦✇ t❤❡ ❡✛❡❝t✐✈❡ ❡♥❡r❣② ♦r ❡♥❡r❣✐❡s ♦❢ ✐♥❝♦♠✐♥❣ r❛❞✐❛t✐♦♥ ❛t t❤❡ ❛❝t✐✈❡ ❧❛②❡r ♦❢

✜❧♠✱ ✇❤✐❝❤ r❡q✉✐r❡s ❛♥ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ✐♥✐t✐❛❧ r❛❞✐❛t✐♦♥ s♣❡❝tr✉♠ ❛♥❞ s♣❡❝tr❛❧
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❝❤❛♥❣❡s t❤r♦✉❣❤♦✉t t❤❡ ♠❡❞✐❛✳ ■♥ ♠♦st ❝❛s❡s ✭✐✳❡✳ ♦t❤❡r t❤❛♥ ✏✐♥✲❛✐r✑ ✐rr❛❞✐❛t✐♦♥s✮✱

▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ❛r❡ r❡q✉✐r❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ s♣❡❝tr✉♠ ❛♥❞ ❡✛❡❝t✐✈❡ ❡♥❡r❣②✹✾✺

♦❢ t❤❡ ❜❡❛♠ ❛t t❤❡ ✜❧♠✬s ❛❝t✐✈❡ ❧❛②❡r ❛❝❝✉r❛t❡❧②✳

❚♦ r❡❞✉❝❡ ♠❡❛s✉r❡♠❡♥t ✉♥❝❡rt❛✐♥t✐❡s✱ ♠❛t❝❤✐♥❣ t❤❡ ❡✛❡❝t✐✈❡ ❡♥❡r❣② ❜❡t✇❡❡♥ ♠❡❛✲

s✉r❡♠❡♥t ❛♥❞ ❝❛❧✐❜r❛t✐♦♥ ✜❧♠s ✐s ♦♣t✐♠❛❧❀ ❤♦✇❡✈❡r✱ t❤✐s ✐s ♦❢t❡♥ ♥♦t ♣♦ss✐❜❧❡ ❞✉❡ t♦

❞✐✛❡r❡♥❝❡s ✐♥ ✐rr❛❞✐❛t✐♦♥ ❣❡♦♠❡tr②✱ ✇❤✐❝❤ ❛r❡ ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳

■♥ t❤❡s❡ s✐t✉❛t✐♦♥s✱ ❛♣♣❧②✐♥❣ ✐♥tr✐♥s✐❝ ✭kbq✮ ❛♥❞ ❛❜s♦r❜❡❞✲❞♦s❡ ✭f rel✮ ❡♥❡r❣② ❝♦rr❡❝✲✺✵✵

t✐♦♥s ✐s ❧✐❦❡❧② t❤❡ ♥❡①t✲❜❡st ❛❧t❡r♥❛t✐✈❡✳ ❋♦r ❡✛❡❝t✐✈❡ ❡♥❡r❣✐❡s ♥♦t ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ■■■✱

♦♥❡ ❝♦✉❧❞ ✉s❡ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s ♣❛♣❡r t♦ ♦❜t❛✐♥ s♣❡❝✐✜❝ ❝♦rr❡❝t✐♦♥

❢❛❝t♦rs✳ ❆♥♦t❤❡r ❧❡ss ❝❡rt❛✐♥ ✭t❤♦✉❣❤ ♠♦r❡ ♣r❛❝t✐❝❛❧✮ ♦♣t✐♦♥ ✇♦✉❧❞ ❜❡ t♦ ♠❛t❝❤ t❤❡

❡①♣❡r✐♠❡♥t❛❧ ❡✛❡❝t✐✈❡ ❡♥❡r❣② ✉s✐♥❣ ♥❡❛r❡st ♥❡✐❣❤❜♦r ♦r s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥✳

❆s ❞✐s❝✉ss❡❞ ❡❛r❧✐❡r✱ ♠❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ❝♦♠♣♦s✐t✐♦♥❛❧ ❝❤❛♥❣❡s ♦❢ ❊❇❚✸ ✜❧♠ ❤❛✈❡✺✵✺

♥♦t ❛❧✇❛②s ❜❡❡♥ ❛❝❝♦♠♣❛♥✐❡❞ ❜② ✉♣❞❛t❡s ♦❢ t❤❡ ✜❧♠ ♠♦❞❡❧ ♦r ❧❛❜❡❧✳ ❆s s❡❡♥ ✇❤❡♥

❝♦♠♣❛r✐♥❣ ❊❇❚✸✲❱✷ ❛♥❞ ❊❇❚✸✲❱✸ ✜❧♠✱ ❛♥② ❝♦♠♣♦s✐t✐♦♥❛❧ ❝❤❛♥❣❡ ✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r

♦❢ t❤❡ ✜❧♠ ❝❛♥ r❡s✉❧t ✐♥ s✉❜st❛♥t✐❛❧ ❝❤❛♥❣❡ ✐♥ t❤❡ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ t❤❡ ✜❧♠✳ ❇❡❝❛✉s❡

♦❢ t❤✐s✱ ✐t ✐s r❡❝♦♠♠❡♥❞❡❞ t❤❛t t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❛♥② ♥❡✇ ❜❛t❝❤ ♦❢ ✜❧♠ ❜❡ ✈❡r✐✜❡❞

✇❤❡♥ ♠✉❧t✐♣❧❡ ❡✛❡❝t✐✈❡ ❡♥❡r❣✐❡s ❛r❡ ✐♥✈♦❧✈❡❞✳ ❚❤✐s ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ t❤r♦✉❣❤ ❧✐t❡r✲✺✶✵

❛t✉r❡ r❡✈✐❡✇✱ ❝♦♥t❛❝t✐♥❣ t❤❡ ♠❛♥✉❢❛❝t✉r❡r✱ ♦r ♣❡r❢♦r♠✐♥❣ ❡♥❡r❣② ❝❛❧✐❜r❛t✐♦♥ ❝❤❡❝❦s

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

❇✳ ❈♦♠♣❛r✐s♦♥ ✇✐t❤ ♣r❡✈✐♦✉s ✇♦r❦

❚❤❡ ❊❇❚✸✲❱✸ t♦t❛❧ ❡♥❡r❣② r❡s♣♦♥s❡ r❡❧❛t✐✈❡ t♦ ✻✵❈♦ ❞❡r✐✈❡❞ ✐♥ t❤✐s ✇♦r❦ ❛♥❞

t❤❛t ❢r♦♠ ❇❡❦❡r❛t ❡t ❛❧✳✶✷ ✐s ♣❧♦tt❡❞ ✐♥ ❋✐❣✉r❡ ✻✳ ■t ✐s ♥♦t❡❞ t❤❛t ✇❤✐❧❡ t❤❡ ❡✛❡❝t✐✈❡✺✶✺

❡♥❡r❣② ✈❛❧✉❡s ♦❢ t❤❡ ❜❡❛♠s ✐♥ t❤❡ t✇♦ ❝♦♠♣❛r❡❞ st✉❞✐❡s ❛r❡ s✐♠✐❧❛r✱ t❤❡ s♣❡❝tr❛ ♦❢

t❤❡ ❜❡❛♠s ❛r❡ ♥♦t ✐❞❡♥t✐❝❛❧✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ s✐♠✐❧❛r✐t② ♦❢ t❤❡ r❡s✉❧ts ❢♦r ❯❲✲✶✵✵▲✱

t❤❡ ♠✐♥✐♠❛❧❧② ✜❧t❡r❡❞ ✶✵✵ ❦❱♣ ❜❡❛♠✱ ❛♥❞ t❤♦s❡ ❢♦r ❯❲✲✽✵▼✱ t❤❡ ♠♦❞❡r❛t❡❧② ✜❧t❡r❡❞

✽✵ ❦❱♣ ❜❡❛♠ ✭t✇♦ ❜❡❛♠s ✇✐t❤ s✐♠✐❧❛r ❡✛❡❝t✐✈❡ ❡♥❡r❣✐❡s ❜✉t ❞✐✛❡r❡♥t s♣❡❝tr❛✮ ✐♥❞✐❝❛t❡

t❤❛t s♠❛❧❧ ❝❤❛♥❣❡s ✐♥ s♣❡❝tr❛ ♠❛② ♥♦t ❤❛✈❡ ❛ ❧❛r❣❡ ❡✛❡❝t ♦♥ r❡s✉❧ts✳ ■t s❤♦✉❧❞ ❛❧s♦✺✷✵

❜❡ ♥♦t❡❞ t❤❛t ❞✐✛❡r❡♥t ❞♦s❡ t♦ ✜❧♠ ✇❛s ❞❡❧✐✈❡r❡❞ ✐♥ t❤✐s ✇♦r❦ ❛♥❞ ❛♥② ♣♦t❡♥t✐❛❧
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❋■●✳ ✻✳ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ r❡s✉❧ts ♦❢ t❤❡ t♦t❛❧ ❡♥❡r❣② r❡s♣♦♥s❡ r❡❧❛t✐✈❡ t♦ ✻✵❈♦ ❢♦r ❊❇❚✸✲

❱✸ ❢r♦♠ t❤✐s ✇♦r❦ t♦ t❤♦s❡ ♦❢ ❇❡❦❡r❛t ❡t ❛❧✳✶✷ ❢♦r s✐♠✐❧❛r ❜❡❛♠s✳ ◆♦t❡ t❤❛t ❜♦t❤ s❡ts ♦❢

✜❧♠ ❢❡❛t✉r❡ t❤❡ ❝♦♠♣♦s✐t✐♦♥❛❧ ✐♠♣r♦✈❡♠❡♥t ♦❢ s✉❜st✐t✉t✐♥❣ t❤❡ ❈❧ ❛♥❞ ❇r ♦❢ ♣❛st ❊❇❚✸

✐t❡r❛t✐♦♥s ❢♦r ✼✪ ❆❧✳ ❊rr♦r ❜❛rs ❢♦r t❤❡ ❝✉rr❡♥t ✇♦r❦ r❡♣r❡s❡♥t ✉♥❝❡rt❛✐♥t② ❢r♦♠ ✐♥tr✐♥s✐❝

❛♥❞ ❛❜s♦r❜❡❞✲❞♦s❡ ✉♥❝❡rt❛✐♥t✐❡s ❛❞❞❡❞ ✐♥ q✉❛❞r❛t✉r❡ ✭s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ■❱✮✱ ✇❤✐❧❡ ❡rr♦r

❜❛rs ❢♦r ❇❡❦❡r❛t ❡t ❛❧✳ r❡♣r❡s❡♥t t❤❡ st❛t❡❞ ❛♥❞ ♣❧♦tt❡❞ ❞❡✈✐❛t✐♦♥s ❧✐st❡❞ ✐♥ t❤❡ ♣✉❜❧✐s❤❡❞

✇♦r❦✳

❞♦s❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡ ♠❛② ❛✛❡❝t t❤❡ ❝♦♠♣❛r✐s♦♥✳ ❍♦✇❡✈❡r✱ ✐♥

t❤✐s ✇♦r❦ ✇❡ ❤❛✈❡ s❤♦✇♥ ♠✐♥✐♠❛❧ ✐♥tr✐♥s✐❝ r❡s♣♦♥s❡ ❞♦s❡ ❞❡♣❡♥❞❡♥❝❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢

❞♦s❡s ✐♥✈❡st✐❣❛t❡❞✳

❈♦♠♣❛r✐s♦♥ ✇✐t❤ ❇❡❦❡r❛t ❡t ❛❧✳ ✐♥❞✐❝❛t❡s t❤❛t✱ t❤♦✉❣❤ ♠❡t❤♦❞♦❧♦❣✐❡s ✇❡r❡ ❞✐✛❡r✲✺✷✺

❡♥t✱ t❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ ✈❛❧✉❡s ✇✐t❤✐♥

r❡♣♦rt❡❞ ✉♥❝❡rt❛✐♥t✐❡s✳ ■t ✐s ❧✐❦❡❧② t❤❛t t❤❡ ❧♦✇❡r ♦✈❡r❛❧❧ ♠❡❛s✉r❡♠❡♥t ✉♥❝❡rt❛✐♥t②

✷✾This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



r❡♣♦rt❡❞ ✐♥ t❤✐s ✇♦r❦ ✐s ❛ r❡s✉❧t ♦❢ ✭✶✮ t❤❡ ✉s❡ ♦❢ ❛ ♠❡❛s✉r❡♠❡♥t ❧✐❣❤t s♦✉r❝❡ t✉♥❡❞

t♦ ♠❛t❝❤ t❤❡ ❊❇❚✸ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠✸✽ ❛♥❞ ✭✷✮ t❤❡ ✉s❡ ♦❢ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ♦❢

✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ❜② ❡ss❡♥t✐❛❧❧② ❡❧✐♠✐♥❛t✐♥❣ t❤❡ ❛❜s♦r❜❡❞✲❞♦s❡ ❝♦♠♣♦♥❡♥t ♦❢✺✸✵

t❤❡ ❡♥❡r❣② r❡s♣♦♥s❡✳

❈✳ ❙✐♥❣❧❡✲❤✐t ❞✐s❝✉ss✐♦♥

❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ βrel ❛♥❞ krel
bq s✉❣❣❡sts t❤❛t β ♣❛rt✐❛❧❧② ❝❤❛r❛❝t❡r✐③❡s t❤❡

♠✐❝r♦❞♦s✐♠❡tr✐❝ ✐♥t❡r❛❝t✐♦♥s t❤❛t ❞❡t❡r♠✐♥❡ t❤❡ ♠❡❛s✉r❡❞ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡

♦❢ t❤❡ ✜❧♠✱ ❛♥❞ t❤❛t t❤❡ ♣r♦♣♦rt✐♦♥❛❧✐t② ❝♦♥st❛♥t✱ βQ✱ ✐s ✐♥❞❡❡❞ ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡✺✸✺

❛♠♦✉♥t ♦❢ ✢✉❡♥❝❡ ♣❡r ✉♥✐t ❞♦s❡ ✐♥ t❤❡ ❛❝t✐✈❡ ❝❡♥t❡rs ❢♦r ❛ ♣❛rt✐❝✉❧❛r ❜❡❛♠ q✉❛❧✐t②✳

❚❤❡ r❡s✉❧ts s✉♣♣♦rt t❤❡ ❤②♣♦t❤❡s✐s t❤❛t ❤✐❣❤❡r ❡♥❡r❣✐❡s ❛r❡ ❛❜❧❡ t♦ ✐♥t❡r❛❝t ✇✐t❤ ♠♦r❡

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

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

✉♥❞❡rr❡s♣♦♥s❡ ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳✺✹✵

■t ✐s ❧✐❦❡❧② t❤❛t ♠♦r❡ ❛❞✈❛♥❝❡❞ ✜tt✐♥❣ ♠♦❞❡❧s✱ s✉❝❤ ❛s ♣❡r❝♦❧❛t✐♦♥ t❤❡♦r② ❛s ❞✐s✲

❝✉ss❡❞ ❜② ❞❡❧ ▼♦r❛❧ ❡t ❛❧✳✶✾ ✇✐❧❧ ❝♦♥t✐♥✉❡ t♦ r❡✜♥❡ ❛♥❞ ✐♠♣r♦✈❡ t❤❡ β✲✜tt✐♥❣ ♣r♦❝❡ss✳

❲✐t❤ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ♠✐❝r♦❞♦s✐♠❡tr✐❝ ♣❛r❛♠❡t❡rs ❞❡✜♥❡❞✱ s✉❝❝❡ss❢✉❧ ♠♦❞❡❧✐♥❣ ♦❢ t❤❡

✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ t❤r♦✉❣❤ ▼♦♥t❡ ❈❛r❧♦ ❝♦♠♣✉t❛t✐♦♥s ♠❛② ❜❡ ❢❡❛s✐❜❧❡✳ ❚❤❡

♠❡❛s✉r❡❞ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ♣r♦✈✐❞❡ ❛ ♠❡❛♥s ❢♦r ❜❡♥❝❤♠❛r❦✐♥❣ ❢✉t✉r❡ r❡✜♥❡♠❡♥ts✺✹✺

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

❱✳ ❈❖◆❈▲❯❙■❖◆

❚❤✐s st✉❞② ❤❛s ❞❡t❡r♠✐♥❡❞ t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ❢♦r ❊❇❚✸✲❱✸ ●❛❢❈❤r♦♠✐❝

r❛❞✐♦❝❤r♦♠✐❝ ✜❧♠✳ ❚❤❡ kbq ❝♦rr❡❝t✐♦♥ ❢❛❝t♦rs ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ■■■ ❢♦r ❞✐r❡❝t ❝♦♠✲

♣❛r✐s♦♥ ♦❢ ✜❧♠s ✐rr❛❞✐❛t❡❞ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣✐❡s✳ ❚❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡s❡ kbq ❢❛❝t♦rs✺✺✵

❞❡♠♦♥str❛t❡s t❤❡ ♥❡❡❞ t♦ ❝♦rr❡❝t ❢♦r ❞✐✛❡r❡♥❝❡s ✐♥ ❡✛❡❝t✐✈❡ ❡♥❡r❣✐❡s ✉s❡❞ ✐♥ ❛♥② s✉❝❤

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

❛❜s♦r❜❡❞✲❞♦s❡ ❡♥❡r❣② r❡s♣♦♥s❡✱ ❝❛♥ ❣r❡❛t❧② r❡❞✉❝❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ✉♥❝❡rt❛✐♥t✐❡s ❢♦r

✜❧♠ ✐rr❛❞✐❛t✐♦♥s ✐♥✈♦❧✈✐♥❣ ♠✉❧t✐♣❧❡ ❡♥❡r❣✐❡s✳ ❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥ ✐♥t♦ ♠✐t✐❣❛t✐♥❣ ❧♦✇
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❞♦s❡ ✭❁✺✵✵♠●②✮ s✐❣♥❛❧ ❡✛❡❝ts ♦♥ ♠❡❛s✉r✐♥❣ ✐♥tr✐♥s✐❝ ❡♥❡r❣② ✐s ❛❧s♦ ✇❛rr❛♥t❡❞✳✺✺✺

❯s✐♥❣ t❤❡ s✐♥❣❧❡✲❤✐t ♠♦❞❡❧ ✇✐t❤ t❤❡ s✐♥❣❧❡✲❢r❡❡✲♣❛r❛♠❡t❡r ✜t t♦ s♦❧✈❡ ❢♦r β s❤♦✇s

♣r♦♠✐s❡ ✐♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡ ♦❢ ✜❧♠✱ ✇✐t❤ β ❜❡✐♥❣

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

♦❢ β t❤r♦✉❣❤ ♠♦r❡ ❛❞✈❛♥❝❡❞ ♠♦❞❡❧✐♥❣✱ s✉❝❤ ❛s ♣❡r❝♦❧❛t✐♦♥ t❤❡♦r② ♦r ❞❡t❛✐❧❡❞ ▼♦♥t❡

❈❛r❧♦ s✐♠✉❧❛t✐♦♥✱ ❤❛s t❤❡ ♣♦t❡♥t✐❛❧ t♦ ♣r♦✈✐❞❡ ❛♥ ❛❝❝✉r❛t❡ t❤❡♦r❡t✐❝❛❧ ❡st✐♠❛t✐♦♥ ♦❢✺✻✵

❊❇❚✸ ✜❧♠ ✐♥tr✐♥s✐❝ ❡♥❡r❣② r❡s♣♦♥s❡✳
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❆❈❑◆❖❲▲❊❉●▼❊◆❚❙

❚❤❡ ❛✉t❤♦rs ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❉r✳ ❉❛✈✐❞ ▲❡✇✐s✱ ❢♦r♠❡r❧② ♦❢ ❆s❤❧❛♥❞ ❙♣❡❝✐❛❧t②

■♥❣r❡❞✐❡♥ts ✭❇r✐❞❣❡✇❛t❡r✱ ◆❏✮✳✱ ❢♦r ♣r♦✈✐❞✐♥❣ t❤❡ ❊❇❚✸ ✜❧♠s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❚❤❡

❛✉t❤♦rs ❛❧s♦ ✇✐s❤ t♦ t❤❛♥❦ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❲✐s❝♦♥s✐♥ ❘❛❞✐❛t✐♦♥ ❈❛❧✐❜r❛t✐♦♥ ▲❛❜♦✲✺✻✺

r❛t♦r② ✭❯❲❘❈▲✮ ❛♥❞ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❲✐s❝♦♥s✐♥ ❆❝❝r❡❞✐t❡❞ ❉♦s✐♠❡tr② ❈❛❧✐❜r❛t✐♦♥

▲❛❜♦r❛t♦r② ✭❯❲❆❉❈▲✮ ❝✉st♦♠❡rs✱ ✇❤♦s❡ ❝❛❧✐❜r❛t✐♦♥s ❤❡❧♣ s✉♣♣♦rt ♦♥❣♦✐♥❣ r❡s❡❛r❝❤

❛t t❤❡ ❯❲▼❘❘❈✳

❚❤❡ ❛✉t❤♦rs ❤❛✈❡ ♥♦ r❡❧❡✈❛♥t ❝♦♥✢✐❝ts ♦❢ ✐♥t❡r❡st t♦ ❞✐s❝❧♦s❡✳

∗ ❝❣❤❛♠♠❡r❅✇✐s❝✳❡❞✉✺✼✵

✶ ❙✳✲❚✳ ❈❤✐✉✲❚s❛♦✱ ❉✳ ▼❡❞✐❝❤✱ ❛♥❞ ❏✳ ▼✉♥r♦✱ ■■■✱ ✏❚❤❡ ✉s❡ ♦❢ ♥❡✇ ●❆❋❈❍❘❖▼■❈ ❘© ❊❇❚
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