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✐❝❛❧ �❡♣�❡�❡♥�❛�✐♦♥ ♦❢ �❤❡ ◆▲ ❡"✉✐❧✐❜�✐✉♠ ❝♦♥❞✐�✐♦♥�❀ ❛♥ ❛♥❛❧②�✐❝❛❧ ❝❤❛�❛❝�❡�✐③❛�✐♦♥ ♦❢ �❤❡✻✽

♠♦❞❡❧✬� ❦❡② ♣�♦♣❡��✐❡�❀ ❛♥❞ ❛♥ ❡❛�② ❛♥❞ ❛❝❝✉�❛�❡ ���❛�❡❣② ❢♦� ❝♦♠♣✉�✐♥❣ ❛❧❧ ❡"✉✐❧✐❜�✐❛✳ ❚❤✐�✻✾

✜♥❛❧ ♠❡�✐� ✐� ✐♠♣♦��❛♥� ❜❡❝❛✉�❡ ✇❡ ❡♥❝♦✉♥�❡� ♠✉❧�✐♣❧❡ ❩▲❇ ❡"✉✐❧✐❜�✐❛✳ ❚❤❡ ▲▲ �♦❧✉�✐♦♥✼✵

♠❡�❤♦❞✱ ✐♥ ❝♦♥��❛��✱ ❤❛� �❤❡ ♣�♦♣❡��② �❤❛� ❛❣❣�❡❣❛�❡ �✉♣♣❧② ❛♥❞ ❛❣❣�❡❣❛�❡ ❞❡♠❛♥❞ ❤❛✈❡ ❛✼✶

�✐♥❣❧❡ ❝�♦��✐♥❣ ♣♦✐♥� ❛� �❤❡ ❩▲❇✳✼✷

▼❛♥② ◆❑ ♠♦❞❡❧� ✉�❡ ❈❛❧✈♦ ♣�✐❝❡ ❛❞❥✉��♠❡♥� ✐♥��❡❛❞✳ ❚❤❡ ��❛♥❞❛�❞ ▲▲ �♦❧✉�✐♦♥ ♠❡�❤♦❞✼✸

❛❧�♦ ③❡�♦❡� ♦✉� �❤❡ �❡�♦✉�❝❡ ❝♦��� ♦❢ ♣�✐❝❡ ❞✐�♣❡��✐♦♥ ✐♥ ❈❛❧✈♦ ♠♦❞❡❧� ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳✼✹

■� ❢♦❧❧♦✇� �❤❛� ❛♣♣�♦①✐♠❛�✐♦♥ ❜✐❛�❡� ❝❛♥ ❛❧�♦ ♦❝❝✉� ✉♥❞❡� ❈❛❧✈♦ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳ ❚❤✐�✼✺

♣♦��✐❜✐❧✐�② ✐� ✐❧❧✉���❛�❡❞ ✇✐�❤ ❛ ��❛❝�❛❜❧❡ ✭❜✉� ��②❧✐③❡❞✮ ♠♦❞❡❧ ♦❢ ❈❛❧✈♦ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳✼✻

❚❤✉�✱ ♦✉� ✜♥❞✐♥❣� ♠❛② ❜❡ �❡❧❡✈❛♥� ✐♥ ❛ ❧❛�❣❡ ❝❧❛�� ♦❢ ◆❑ ♠♦❞❡❧�✳✼✼

❖✉� �❡�❡❛�❝❤ ✐� ❝❧♦�❡�� �♦ �❡�❡❛�❝❤ ❜② ❈❤�✐��✐❛♥♦ ❛♥❞ ❊✐❝❤❡♥❜❛✉♠ ✭✷✵✶✷✮ ✇❤♦ ❝♦♥�✐❞❡�✼✽

�❡❧❛�❡❞ "✉❡��✐♦♥� ✐♥ ❛ �✐♠✐❧❛� ♠♦❞❡❧✳ ❚❤❡② �❤♦✇ �❤❛� ✐♠♣♦�✐♥❣ ❛ ♣❛��✐❝✉❧❛� ❢♦�♠ ♦❢ ❊✲✼✾

❧❡❛�♥❛❜✐❧✐�② �✉❧❡� ♦✉� ♦♥❡ ♦❢ �❤❡ �✇♦ ❡"✉✐❧✐❜�✐❛ �❤❛� ♦❝❝✉� ✐♥ �❤❡✐� ♠♦❞❡❧✱ ❛♥❞ ✜♥❞ �❤❛�✽✵

�❤❡ "✉❛❧✐�❛�✐✈❡ ♣�♦♣❡��✐❡� ♦❢ �❤❡ �❡♠❛✐♥✐♥❣ ❡"✉✐❧✐❜�✐✉♠ ❛�❡ ❝❧♦�❡ �♦ �❤❡ ▲▲ �♦❧✉�✐♦♥✳ ❖✉�✽✶

♠❛✐♥ ❝♦♥❝❧✉�✐♦♥� ❛❜♦✉� �❤❡ �✐③❡ ❛♥❞ �✐❣♥ ♦❢ ✜�❝❛❧ ♠✉❧�✐♣❧✐❡�� ❞♦ ♥♦� �❡❧② ♦♥ ♠✉❧�✐♣❧✐❝✐�②✽✷

♦❢ ❡"✉✐❧✐❜�✐✉♠ ❛� �❤❡ ❩▲❇✳ ❋✐�❝❛❧ ♠✉❧�✐♣❧✐❡�� ❛�❡ �♠❛❧❧ ❛♥❞ ♦��❤♦❞♦① ✐♥ �❡❣✐♦♥� ♦❢ �❤❡✽✸

♣❛�❛♠❡�❡� �♣❛❝❡ ✇❤❡�❡ ❡"✉✐❧✐❜�✐✉♠ ✐� ✉♥✐"✉❡✳✽✹

❖✉� �❡�❡❛�❝❤ ✐� ❛❧�♦ �❡❧❛�❡❞ �♦ �❡❝❡♥� ✇♦�❦ ❜② ▼❡��❡♥� ❛♥❞ ❘❛✈♥ ✭✷✵✶✹✮ ✇❤♦ ❝♦♥�✐❞❡�✽✺

❩▲❇ �✉♥�♣♦� ❡"✉✐❧✐❜�✐❛✳ ❆ ♠❛❥♦� ❛❞✈❛♥�❛❣❡ ♦❢ ♦✉� �❡�✉♣ ✐� �❤❛� ✐� ✐� ���❛✐❣❤�❢♦�✇❛�❞✽✻

�♦ ✜♥❞ ❛❧❧ ❡"✉✐❧✐❜�✐❛ ❜② ✜♥❞✐♥❣ �❤❡ ③❡�♦� ♦❢ ❛♥ ❡"✉❛�✐♦♥✳ ❲❡ ❡♥❝♦✉♥�❡� ♥❡✇ ❝❛�❡� ♦❢✽✼

♠✉❧�✐♣❧✐❝✐�②✱ ♠♦�� �✐❣♥✐✜❝❛♥�❧② �❤❡ ♣♦��✐❜✐❧✐�② ♦❢ ♠✉❧�✐♣❧❡ ❩▲❇ ❡"✉✐❧✐❜�✐❛✳ ❆�❝❡��❛✐♥✐♥❣ �❤❡✽✽

♣�❡�❡♥❝❡ ♦❢ ♠✉❧�✐♣❧❡ ❩▲❇ ❡"✉✐❧✐❜�✐❛ ✐� ❛ ❞❛✉♥�✐♥❣ �❛�❦ ✐♥ �✐❝❤❡� ◆❑ ♠♦❞❡❧� �✉❝❤ ❛� �❤♦�❡✽✾

❝♦♥�✐❞❡�❡❞ ❜② ●✉�� ❡� ❛❧✳ ✭✷✵✶✻✮✱ ❆�✉♦❜❛ ❡� ❛❧✳ ✭✷✵✶✻✮ ♦� ❋❡�♥❛♥❞❡③✲❱✐❧❧❛✈❡�❞❡ ❡� ❛❧✳ ✭✷✵✶✺✮✳✾✵

✹



❘❡�✉❧�� ♣�❡�❡♥�❡❞ ❤❡�❡ ♦✛❡� ❣✉✐❞❛♥❝❡ ❛❜♦✉� �❤❡ �❡❣✐♦♥� ♦❢ �❤❡ ♣❛�❛♠❡�❡�✴�❤♦❝❦ �♣❛❝❡ ✇❤❡�❡✾✶

♠✉❧�✐♣❧✐❝✐�② ✐� ♠♦�� ❧✐❦❡❧② �♦ ❛�✐�❡ ✐♥ ♠❡❞✐✉♠✲�❝❛❧❡ ◆❑ ♠♦❞❡❧�✳✾✷

❚❤❡ �❡♠❛✐♥❞❡� ♦❢ ♦✉� ❛♥❛❧②�✐� ♣�♦❝❡❡❞� ✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣ ✇❛②✳ ❙❡❝�✐♦♥ ✷ ❞❡�❝�✐❜❡� �❤❡✾✸

♠♦❞❡❧ ❛♥❞ ❡ ✉✐❧✐❜�✐✉♠ ❝♦♥❝❡♣�✳ ❙❡❝�✐♦♥ ✸ ❡①♣❧❛✐♥� ❤♦✇ �❤❡ ♠♦❞❡❧ ✐� ♣❛�❛♠❡�❡�✐③❡❞✳ ❙❡❝✲✾✹

�✐♦♥ ✹ ❝❤❛�❛❝�❡�✐③❡� ❡ ✉✐❧✐❜�✐✉♠ ✉�✐♥❣ �❤❡ ◆▲ ❝♦♥❞✐�✐♦♥�✳ ❙❡❝�✐♦♥ ✺ ❞♦❝✉♠❡♥�� �❤❛� ✜�❝❛❧✾✺

♠✉❧�✐♣❧✐❡�� ♠❛② ❜❡ �♠❛❧❧ ❛♥❞ ♦��❤♦❞♦① ❛� �❤❡ ❩▲❇✳ ❙❡❝�✐♦♥ ✻ ❞✐�❝✉��❡� ♣♦�❡♥�✐❛❧ ♦❜❥❡❝�✐♦♥�✾✻

�♦ ♦✉� ✜♥❞✐♥❣�✳ ❋✐♥❛❧❧②✱ ❙❡❝�✐♦♥ ✼ ❝♦♥❝❧✉❞❡�✳✾✼

✷✳ ▼♦❞❡❧ ❛♥❞ ❡
✉✐❧✐❜�✐✉♠✾✽

❲❡ ❝♦♥�✐❞❡� ❛ ��♦❝❤❛��✐❝ ◆❑ ♠♦❞❡❧ ✇✐�❤ ❘♦�❡♠❜❡�❣ ✭✶✾✽✷✮  ✉❛❞�❛�✐❝ ❝♦��� ♦❢ ♣�✐❝❡✾✾

❛❞❥✉��♠❡♥� ❢❛❝❡❞ ❜② ✐♥�❡�♠❡❞✐❛�❡ ❣♦♦❞� ♣�♦❞✉❝❡��✳ ▼♦♥❡�❛�② ♣♦❧✐❝② ❢♦❧❧♦✇� ❛ ❚❛②❧♦� �✉❧❡✶✵✵

✇❤❡♥ �❤❡ ♥♦♠✐♥❛❧ ✐♥�❡�❡�� �❛�❡ ✐� ♣♦�✐�✐✈❡ ❜✉� ✐� �❡���✐❝�❡❞ ❢�♦♠ ❢❛❧❧✐♥❣ ❜❡❧♦✇ ③❡�♦✳ ❚❤❡✶✵✶

❡ ✉✐❧✐❜�✐✉♠ ❛♥❛❧②③❡❞ ❤❡�❡ ✐� �❤❡ ▼❛�❦♦✈ ❡ ✉✐❧✐❜�✐✉♠ ♣�♦♣♦�❡❞ ❜② ❊❣❣❡����♦♥ ❛♥❞ ❲♦♦❞❢♦�❞✶✵✷

✭✷✵✵✸✮✳✶✵✸

✷✳✶✳ ❚❤❡ ♠♦❞❡❧✶✵✹

❘❡♣❡�❡♥�❛�✐✈❡ ❍♦✉�❡❤♦❧❞✳ ❚❤❡ �❡♣�❡�❡♥�❛�✐✈❡ ❤♦✉�❡❤♦❧❞ ❝❤♦♦�❡� ❝♦♥�✉♠♣�✐♦♥ ct✱ ❧❛❜♦�✶✵✺

�✉♣♣❧② ht✱ ❛♥❞ ❜♦♥❞ ❤♦❧❞✐♥❣� bt �♦ ♠❛①✐♠✐③❡✶✵✻

E0

∞∑

t=0

βt
( t∏

j=0

dj

){
c1−σ
t

1− σ
−

h1+ν
t

1 + ν

}
✭✶✮

�✉❜❥❡❝� �♦ �❤❡ ❜✉❞❣❡� ❝♦♥���❛✐♥�✶✵✼

bt + ct =
bt−1(1 +Rt−1)

1 + πt

+ (1− τw,t)wtht + Tt. ✭✷✮

✇❤❡�❡ ν ❛♥❞ σ ❛�❡ �❤❡ ❝✉�✈❛�✉�❡ ♣❛�❛♠❡�❡�� ❢♦� �❡�♣❡❝�✐✈❡❧② ❧❛❜♦� �✉♣♣❧② ❛♥❞ ❝♦♥�✉♠♣�✐♦♥✳✶✵✽

Rt ❛♥❞ πt ❛�❡ �❤❡ ♥❡� ♥♦♠✐♥❛❧ ✐♥�❡�❡�� �❛�❡ ❛♥❞ �❤❡ ♥❡� ✐♥✢❛�✐♦♥ �❛�❡✱ �❡�♣❡❝�✐✈❡❧②✱ ❛♥❞ �❤❡✶✵✾

❛❢�❡�✲�❛① �❡❛❧ ✇❛❣❡ ✐� (1 − τw,t)wt✳ ❚❤❡ ♣�❡❢❡�❡♥❝❡ ❞✐�❝♦✉♥� ❢❛❝�♦� ❢�♦♠ ♣❡�✐♦❞ t �♦ t + 1✶✶✵

✺



✐� βdt+1✱ ❛♥❞ dt ✐� ❛ ♣�❡❢❡�❡♥❝❡ �❤♦❝❦✳ ❲❡ ❛��✉♠❡ �❤❛� �❤❡ ✈❛❧✉❡ ♦❢ dt+1 ✐� �❡✈❡❛❧❡❞ ❛� �❤❡✶✶✶

❜❡❣✐♥♥✐♥❣ ♦❢ ♣❡�✐♦❞ t✳ ❚❤❡ ✈❛�✐❛❜❧❡ Tt ✐♥❝❧✉❞❡� ��❛♥�❢❡�� ❢�♦♠ �❤❡ ❣♦✈❡�♥♠❡♥� ❛♥❞ ♣�♦✜�✶✶✷

❞✐���✐❜✉�✐♦♥� ❢�♦♠ �❤❡ ✐♥�❡�♠❡❞✐❛�❡ ♣�♦❞✉❝❡��✳ ❚❤❡ ♦♣�✐♠❛❧✐�② ❝♦♥❞✐�✐♦♥� ❢♦� ❝♦♥�✉♠♣�✐♦♥✶✶✸

❛♥❞ ❧❛❜♦� �✉♣♣❧② ❝❤♦✐❝❡� ❛�❡✶✶✹

cσt h
ν
t = wt(1− τw,t), ✭✸✮

❛♥❞✶✶✺

1 = βdt+1Et

{
1 +Rt

1 + πt+1

(
ct
ct+1

)σ}
. ✭✹✮

❋✐♥❛❧ ❣♦♦❞ ♣
♦❞✉❝❡
�✳ �❡�❢❡❝�❧② ❝♦♠♣❡�✐�✐✈❡ ✜♥❛❧ ❣♦♦❞ ✜�♠� ✉�❡ ❛ ❝♦♥�✐♥✉✉♠ ♦❢ ✐♥�❡�♠❡❞✐✲✶✶✻

❛�❡ ❣♦♦❞� i ∈ [0, 1] �♦ ♣�♦❞✉❝❡ ❛ �✐♥❣❧❡ ✜♥❛❧ ❣♦♦❞ ✇✐�❤ �❤❡ �❡❝❤♥♦❧♦❣②✿ yt = [
´ 1

0
yt(i)

(θ−1)/θdi]θ/(θ−1)✳✶✶✼

❚❤❡ ♣�♦✜� ♠❛①✐♠✐③✐♥❣ ✐♥♣✉� ❞❡♠❛♥❞� ❢♦� ✜♥❛❧ ❣♦♦❞� ✜�♠� ❛�❡✶✶✽

yt(i) =

(
Pt(i)

Pt

)
−θ

yt, ✭✺✮

✇❤❡�❡ Pt(i) ❞❡♥♦�❡� �❤❡ ♣�✐❝❡ ♦❢ �❤❡ ❣♦♦❞ ♣�♦❞✉❝❡❞ ❜② ✜�♠ i ❛♥❞ Pt �❤❡ ♣�✐❝❡ ♦❢ �❤❡ ✜♥❛❧✶✶✾

❣♦♦❞✳ ❚❤✉� πt = Pt/Pt−1−1✳ ❚❤❡ ♣�✐❝❡ ♦❢ �❤❡ ✜♥❛❧ ❣♦♦❞ �❛�✐�✜❡� Pt = [
´ 1

0
Pt(i)

1−θdi]1/(1−θ)✳✶✷✵

■♥�❡
♠❡❞✐❛�❡ ❣♦♦❞� ♣
♦❞✉❝❡
�✳ ■♥�❡�♠❡❞✐❛�❡ ❣♦♦❞ i ✐� ♣�♦❞✉❝❡❞ ❛❝❝♦�❞✐♥❣ �♦ yt(i) = ztht(i)✱✶✷✶

✇❤❡�❡ zt✱ �❤❡ ��❛�❡ ♦❢ �❡❝❤♥♦❧♦❣②✱ ✐� ❝♦♠♠♦♥ �♦ ❛❧❧ ♣�♦❞✉❝❡��✳ ▲❛❜♦� ✐� ❤♦♠♦❣❡♥❡♦✉� ❛♥❞✶✷✷

�❤✉� �❡❛❧ ♠❛�❣✐♥❛❧ ❝♦�� ❢♦� ❛❧❧ ✜�♠� ✐� wt/zt✳ ��♦❞✉❝❡� i �❡�� ♣�✐❝❡� �♦ ♠❛①✐♠✐③❡✶✷✸

E0

∞∑

t=0

λc,t

[
(1 + τs)

Pt(i)

Pt

yt(i)−
wt

zt
yt(i)−

γ

2

( Pt(i)

Pt−1(i)
− 1

)2
yt

]
✭✻✮

�✉❜❥❡❝� �♦ �❤❡ ❞❡♠❛♥❞ ❢✉♥❝�✐♦♥ ✭✺✮✳ ��♦❞✉❝❡�� �❛❦❡ �❤❡ ��♦❝❤❛��✐❝ ❞✐�❝♦✉♥� ❢❛❝�♦�✱ λc,t ≡✶✷✹

βt(
∏t

j=0 dj)c
−σ
t ✱ ❛� ❣✐✈❡♥✳ ❚❤❡ �❛❧❡� �✉❜�✐❞② τs �❛�✐�✜❡� (1 + τs)(θ − 1) = θ✱ ♦� �❤❛� ♣�♦❢✲✶✷✺

✐�� ❛�❡ ③❡�♦ ✐♥ ❛ ��❡❛❞② ��❛�❡ ✇✐�❤ ③❡�♦ ✐♥✢❛�✐♦♥✳ ❚❤❡ ✜♥❛❧ �❡�♠ ✐♥ ❜�❛❝❦❡�� ✐� �❤❡ ❝♦��✶✷✻

♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳ ❲❡ ❛��✉♠❡ ✐� ✐� ♣�♦♣♦��✐♦♥❛❧ �♦ ❛❣❣�❡❣❛�❡ ♣�♦❞✉❝�✐♦♥ yt✱ �♦ �❤❛�✶✷✼

✻



�❤❡ �❤❛�❡ ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥� ❝♦��� ✐♥ �❤❡ ❛❣❣�❡❣❛�❡ ♣�♦❞✉❝�✐♦♥ ❞❡♣❡♥❞� ♦♥❧② ♦♥ ✐♥✢❛✲✶✷✽

�✐♦♥✳ ❚❤❡ ♦♣�✐♠❛❧✐�② ❝♦♥❞✐�✐♦♥ ❢♦� ✐♥�❡�♠❡❞✐❛�❡ ♣�♦❞✉❝❡�� ✐♥ ❛ �②♠♠❡��✐❝ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤✶✷✾

(Pt(i), yt(i), ht(i)) = (Pt, yt, ht) ❢♦� ❛❧❧ i ✐�✶✸✵

πt(1 + πt) =
θ

γ

(
wt

zt
− 1

)
+ βdt+1Et

{(
ct
ct+1

)σ
yt+1

yt
πt+1(1 + πt+1)

}
. ✭✼✮

▼♦♥❡�❛�② ♣♦❧✐❝②✳ ▼♦♥❡�❛�② ♣♦❧✐❝② ❢♦❧❧♦✇� ❛ ❚❛②❧♦� �✉❧❡ �❤❛� �❡�♣❡❝�� �❤❡ ❩▲❇ ♦♥ �❤❡ ♥♦♠✲✶✸✶

✐♥❛❧ ✐♥�❡�❡�� �❛�❡✿✶✸✷

Rt = max(0, ret + φππt + φyĝdpt), ✭✽✮

✇❤❡�❡ ret ≡ 1/(βdt+1)−1 ❛♥❞ ĝdpt ✐� �❤❡ ❧♦❣ ❞❡✈✐❛�✐♦♥ ♦❢ ●❉' ❢�♦♠ ✐�� ��❡❛❞②✲��❛�❡ ✈❛❧✉❡✳✶✶✸✸

❚❤❡ ❛❣❣�❡❣❛�❡ �❡�♦✉�❝❡ ❝♦♥���❛✐♥� ✐� ❣✐✈❡♥ ❜②✶✸✹

ct = (1− κt − ηt)yt, ✭✾✮

✇❤❡�❡ κt ≡ (γ/2)π2
t ✐� �❤❡ �❡�♦✉�❝❡ ❝♦�� ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥� ❛♥❞ ✇❤❡�❡ ❣♦✈❡�♥♠❡♥� ♣✉�✲✶✸✺

❝❤❛�❡� ❛�❡ gt = ηtyt✳ ●❉' ✐♥ ♦✉� ❡❝♦♥♦♠②✱ gdpt✱ ✐�✶✸✻

gdpt ≡ (1− κt)yt = ct + gt. ✭✶✵✮

❚❤✐� ❞❡✜♥✐�✐♦♥ ♦❢ ●❉' ❛��✉♠❡� �❤❛� �❤❡ �❡�♦✉�❝❡ ❝♦��� ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥� ❛�❡ ✐♥�❡�♠❡❞✐❛�❡✶✸✼

✐♥♣✉�� ❛♥❞ ❛�❡ ❝♦♥�❡�✉❡♥�❧② �✉❜��❛❝�❡❞ ❢�♦♠ ❣�♦�� ♦✉�♣✉� ✇❤❡♥ ❝❛❧❝✉❧❛�✐♥❣ ●❉'✳ ■♥ ✇❤❛�✶✸✽

❢♦❧❧♦✇� ✇❡ ✇✐❧❧ ✉�❡ ♦✉�♣✉� �♦ �❡❢❡� �♦ ❣�♦�� ♦✉�♣✉� ❛♥❞ ●❉' �♦ �❡❢❡� �♦ ❝♦♥�✉♠♣�✐♦♥ ♣❧✉�✶✸✾

❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡�✳✶✹✵

✶❖✉� ❛��✉♠♣�✐♦♥ �❤❛� ♠♦♥❡�❛�② ♣♦❧✐❝② �❡�♣♦♥❞� ❞✐�❡❝�❧② �♦ ✈❛�✐❛�✐♦♥� ✐♥ dt ❛♥❞ ♦✉� ❝❤♦✐❝❡ ♦❢ �❤❡

❢✉♥❝�✐♦♥❛❧ ❢♦�♠ ♦❢ �❤❡ ❚❛②❧♦� �✉❧❡ ❛�❡ ♠❛❞❡ �♦ ❢❛❝✐❧✐�❛�❡ ❝♦♠♣❛�✐�♦♥ ✇✐�❤ ♦�❤❡� ♣❛♣❡�� ✐♥ �❤❡ ❧✐�❡�❛�✉�❡✳

✼



❚❤❡ �❡�♠ κt ♣❧❛②� ❛ ❝❡♥��❛❧ �♦❧❡ ✐♥ �❤❡ ❛♥❛❧②�✐� �❤❛� ❢♦❧❧♦✇�✳ ❙❡❝�✐♦♥ ✹ �❤♦✇� �❤❛�✶✹✶

❧♦❣❧✐♥❡❛�✐③✐♥❣ ❡�✉❛�✐♦♥ ✭✶✵✮ ❛�♦✉♥❞ ❛ ③❡�♦ ✐♥✢❛�✐♦♥ ��❡❛❞② ��❛�❡ ❝❛♥ �❡�✉❧� ✐♥ ✐♥❝♦��❡❝�✶✹✷

✐♥❢❡�❡♥❝❡� ❛❜♦✉� �❤❡ ❧♦❝❛❧ ❞②♥❛♠✐❝� ♦❢ �❤✐� ❡❝♦♥♦♠② ❛� �❤❡ ❩▲❇ ❛♥❞ �❡❧❛�❡� �❤✐� �❡�✉❧� �♦✶✹✸

κt. ❲❤❡♥❡✈❡� �❤❡ ✐♥✢❛�✐♦♥ �❛�❡ ❝❤❛♥❣❡�✱ κt ❛❧�♦ ❝❤❛♥❣❡� ❛♥❞ ✭✶✵✮ ✐♠♣❧✐❡� �❤❛� ●❉( ❛♥❞✶✹✹

❧❛❜♦� ✐♥♣✉� ht ♠♦✈❡ ❞✐✛❡�❡♥�❧②✱ ♣♦��✐❜❧② ❡✈❡♥ ✐♥ ♦♣♣♦�✐�❡ ❞✐�❡❝�✐♦♥�✳ ❍♦✇❡✈❡�✱ ✐❢ ❡�✉❛�✐♦♥✶✹✺

✭✶✵✮ ✐� ❧♦❣❧✐♥❡❛�✐③❡❞ ❛❜♦✉� ❛ ③❡�♦ ✐♥✢❛�✐♦♥ ��❡❛❞② ��❛�❡ κt ❞✐�❛♣♣❡❛�� ❛♥❞ ●❉( ❛♥❞ ❧❛❜♦�✶✹✻

✐♥♣✉� ❛�❡ ✐❞❡♥�✐❝❛❧✳ ❆ �❡�♠ ❧✐❦❡ κt ♦❝❝✉�� ✐♥ ♠❛♥② ◆❑ ♠♦❞❡❧�✳ ❋♦� ✐♥��❛♥❝❡✱ �❤❡ �❡�♦✉�❝❡✶✹✼

❝♦�� ♦❢ ♣�✐❝❡ ❞✐�♣❡��✐♦♥ ✐� ❛♥ ❛♥❛❧♦❣♦✉� �❡�♠ �❤❛� ❛♣♣❡❛�� ✐♥ �❤❡ �❡�♦✉�❝❡ ❝♦♥���❛✐♥� ✉♥❞❡�✶✹✽

❈❛❧✈♦ ♣�✐❝✐♥❣ ✭�❡❡ ❨✉♥ ✷✵✵✺✮✳ ❚❤✉�✱ ❧♦❣❧✐♥❡❛�✐③✐♥❣ �❤❡ �❡�♦✉�❝❡ ❝♦♥���❛✐♥� ❛❜♦✉� ❛ ③❡�♦✶✹✾

✐♥✢❛�✐♦♥ �❛�❡ ✉♥❞❡� ❈❛❧✈♦ ♣�✐❝✐♥❣ ❝�❡❛�❡� �❤❡ �❛♠❡ ♣♦�❡♥�✐❛❧ ❛♣♣�♦①✐♠❛�✐♦♥ ❜✐❛�❡�✳ ❲❡✶✺✵

♣�❡�❡♥� �❡�✉❧�� ❢♦� ❛ ♠♦❞❡❧ ✇✐�❤ ❈❛❧✈♦ ♣�✐❝❡ �❡��✐♥❣ ✐♥ ❙❡❝�✐♦♥ ✻ �❤❛� ✐❧❧✉���❛�❡ �❤✐� ♣♦✐♥�✳✶✺✶

✷✳✷✳ ▼❛�❦♦✈ ❡
✉✐❧✐❜�✐✉♠ ✇✐�❤ ③❡�♦ ✐♥�❡�❡�� �❛�❡�✶✺✷

❋♦❧❧♦✇✐♥❣ ❊❣❣❡����♦♥ ❛♥❞ ❲♦♦❞❢♦�❞ ✭✷✵✵✸✮✱ ✇❡ ❛♥❛❧②③❡ �❤❡ ❩▲❇ ✉�✐♥❣ ❛ �✇♦ ��❛�❡✶✺✸

▼❛�❦♦✈ ❡�✉✐❧✐❜�✐✉♠ ❝♦♥❝❡♣�✳ ❙✉♣♣♦�❡ �❤❛� st ❞❡♥♦�❡� �❤❡ ��❛�❡ ♦❢ �❤❡ ❡❝♦♥♦♠② ✇❤✐❝❤ ✐�✶✺✹

❡✐�❤❡� ❧♦✇ ♦� ❤✐❣❤✱ st ∈ {L,H}✱ �❤❡♥ ❛ ❩▲❇ ❡
✉✐❧✐❜�✐✉♠ ✐� ❛♥ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤ ❛ ③❡�♦✶✺✺

✐♥�❡�❡�� �❛�❡ ✐♥ ��❛�❡ L. ❚❤❡ ✐♥✐�✐❛❧ ��❛�❡✱ s0✱ ✐� L ❛♥❞ st ❡✈♦❧✈❡� ✉♥❞❡� �❤❡ ❛��✉♠♣�✐♦♥� �❤❛�✶✺✻

�❤❡ ��❛♥�✐�✐♦♥ ♣�♦❜❛❜✐❧✐�② ❢�♦♠ ��❛�❡ L �♦ L ✐� p < 1 ❛♥❞ �❤❛� H ✐� ❛♥ ❛❜�♦�❜✐♥❣ ��❛�❡✳ ❆❧❧✶✺✼

❡①♦❣❡♥♦✉� ✈❛�✐❛❜❧❡� ✐♥❝❧✉❞✐♥❣ �❤❡ ♣�❡❢❡�❡♥❝❡ �❤♦❝❦ dt+1 ❛♥❞ �❤❡ �❡❝❤♥♦❧♦❣② �❤♦❝❦ zt ❝❤❛♥❣❡✶✺✽

✐❢ ❛♥❞ ♦♥❧② ✐❢ st ❝❤❛♥❣❡�✿ {dt+1, zt} ❡�✉❛❧� {d
L, zL} ✇❤❡♥ st = L✱ ❛♥❞ {1, z} ✇❤❡♥ st = H✳✷✶✺✾

❯♥❞❡� �❤❡�❡ ❛��✉♠♣�✐♦♥�✱ �❤❡ ❡�✉✐❧✐❜�✐✉♠ ✐� ❝❤❛�❛❝�❡�✐③❡❞ ❜② �✇♦ ❞✐��✐♥❝� ✈❛❧✉❡� ❢♦�✶✻✵

♣�✐❝❡� ❛♥❞ �✉❛♥�✐�✐❡�✳ ❚❤❡ ✈❛❧✉❡ ✐♥ ��❛�❡ L ✐� ❞❡♥♦�❡❞ ✇✐�❤ �❤❡ �✉♣❡��❝�✐♣� L ❛♥❞ �❤❡ ✈❛❧✉❡✶✻✶

✐♥ ��❛�❡ H ❤❛� ♥♦ �✉♣❡��❝�✐♣�✳ ■♥ ��❛�❡ H �❤❡ ❡❝♦♥♦♠② �❡��� ✐♥ ❛ ��❡❛❞② ��❛�❡ ✇✐�❤ ❛ ③❡�♦✶✻✷

✐♥✢❛�✐♦♥ �❛�❡ ❛♥❞ ❛ ♣♦�✐�✐✈❡ ♥♦♠✐♥❛❧ ✐♥�❡�❡�� �❛�❡✳ ▼♦�❡ ❢♦�♠❛❧❧②✱ h = {(1− τw)/(z
σ−1(1−✶✻✸

✷❲❡ ✇✐❧❧ ��❡❛� �❤❡ ✜�❝❛❧ ♣♦❧✐❝② ✈❛�✐❛❜❧❡� ❛� ♣❛�❛♠❡�❡�� ✐♥ ✇❤❛� ❢♦❧❧♦✇�✳ ❲❡ ✜① τw,t ❛♥❞ ηt ❛� �❤❡✐�

��❡❛❞②✲��❛�❡ ✈❛❧✉❡� ❛♥❞ �❤❡♥ ❝♦♥�✐❞❡� �♠❛❧❧ ♣❡��✉�❜❛�✐♦♥� ✐♥ �❤❡�❡ ♣❛�❛♠❡�❡�� ✐♥ ��❛�❡ L ✇❤❡♥ ❝♦♠♣✉�✐♥❣

�❤❡ ✜�❝❛❧ ♠✉❧�✐♣❧✐❡��✳ ❖�❤❡� �❡���✐❝�✐♦♥� ❛�❡ �❤❛� pβdL < 1✱ �♦ ❣✉❛�❛♥�❡❡ �❤❛� ✉�✐❧✐�② ✐� ✜♥✐�❡✱ ❛♥❞ �❤❛�

♣�✐❝❡� ❛♥❞ �✉❛♥�✐�✐❡� ❛�❡ ♥♦♥✲♥❡❣❛�✐✈❡✳

✽



η)σ)}1/(σ+ν) ❛♥❞ π = 0 ✐❢ st = H✳✶✻✹

✷✳✸✳ ❖✉�♣✉� ❛♥❞ ✐♥✢❛�✐♦♥ ✐♥ ❛ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✶✻✺

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

✐♥✢❛�✐♦♥ ✭♦	 ❛❧�❡	♥❛�✐✈❡❧② ❡♠♣❧♦②♠❡♥� ❛♥❞ ✐♥✢❛�✐♦♥✮ ✐♥ ��❛�❡ L ❝❛♥ ❜❡ �✉♠♠❛	✐③❡❞ ❜② �✇♦✶✻✼

❡�✉❛�✐♦♥� ✐♥ �❤❡�❡ �✇♦ ✈❛	✐❛❜❧❡�✳ ❚❤❡�❡ ❡�✉❛�✐♦♥� ❛	❡ ♥♦♥❧✐♥❡❛	 ✈❡	�✐♦♥� ♦❢ ✇❤❛� ❊❣❣❡	���♦♥✶✻✽

❛♥❞ ❑	✉❣♠❛♥ ✭✷✵✶✷✮ 	❡❢❡	 �♦ ❛� ✏❛❣❣	❡❣❛�❡ �✉♣♣❧②✑ ✭❆❙✮ ❛♥❞ ✏❛❣❣	❡❣❛�❡ ❞❡♠❛♥❞✑ ✭❆❉✮✶✻✾

�❝❤❡❞✉❧❡�✳ ■♥ ✇❤❛� ❢♦❧❧♦✇�✱ ✇❡ ❛❞♦♣� �❤❡ �❛♠❡ �❤♦	�❤❛♥❞ ✇❤❡♥ 	❡❢❡		✐♥❣ �♦ �❤❡�❡ ❡�✉❛�✐♦♥�✳✶✼✵

❚❤❡ ❆❙ �❝❤❡❞✉❧❡ �✉♠♠❛	✐③❡� ✐♥�❡	♠❡❞✐❛�❡ ❣♦♦❞� ✜	♠�✬ ♣	✐❝❡ �❡��✐♥❣ ❞❡❝✐�✐♦♥�✱ �❤❡✶✼✶

❤♦✉�❡❤♦❧❞✬� ✐♥�	❛�❡♠♣♦	❛❧ ✜	�� ♦	❞❡	 ❝♦♥❞✐�✐♦♥✱ ❛♥❞ �❤❡ ❛❣❣	❡❣❛�❡ 	❡�♦✉	❝❡ ❝♦♥��	❛✐♥�✳ ❚♦✶✼✷

♦❜�❛✐♥ �❤❡ ❆❙ �❝❤❡❞✉❧❡✱ ��❛	� ✇✐�❤ ✭✼✮ ❛♥❞ �✉❜��✐�✉�❡ ♦✉� �❤❡ 	❡❛❧ ✇❛❣❡ ✉�✐♥❣ ✭✸✮✳ ❚❤❡♥✶✼✸

✉�❡ ✭✾✮ �♦ 	❡♣❧❛❝❡ ❝♦♥�✉♠♣�✐♦♥ ✇✐�❤ ❧❛❜♦	 ✐♥♣✉�✳ ■♥ ❛ ❩▲❇ ▼❛	❦♦✈ ❡�✉✐❧✐❜	✐✉♠✱ �❤❡ ❆❙✶✼✹

�❝❤❡❞✉❧❡ ✐♥ ��❛�❡ L ✐�✶✼✺

πL(1 + πL) =
θ

γ(1− pβdL)

[(
1− κL − η

)σ
(hL)σ+ν

(1− τw)(zL)1−σ
− 1

]
✭✶✶✮

✇❤❡	❡ κL = (γ/2)(πL)2✳✶✼✻

❚❤❡ ❆❉ �❝❤❡❞✉❧❡ �✉♠♠❛	✐③❡� �❤❡ ❤♦✉�❡❤♦❧❞✬� ❊✉❧❡	 ❡�✉❛�✐♦♥ ❛♥❞ �❤❡ 	❡�♦✉	❝❡ ❝♦♥✲✶✼✼

��	❛✐♥�✳ ■� ✐� ♦❜�❛✐♥❡❞ ❜② �✉❜��✐�✉�✐♥❣ ❝♦♥�✉♠♣�✐♦♥ ♦✉� ♦❢ �❤❡ ❤♦✉�❡❤♦❧❞✬� ✐♥�❡	�❡♠♣♦	❛❧✶✼✽

❊✉❧❡	 ❡�✉❛�✐♦♥ ✭✹✮ ✉�✐♥❣ �❤❡ 	❡�♦✉	❝❡ ❝♦♥��	❛✐♥� ✭✾✮✳ ❚❤❡ 	❡�✉❧�✐♥❣ ❆❉ �❝❤❡❞✉❧❡ ✐♥ ❛ ❩▲❇✶✼✾

▼❛	❦♦✈ ❡�✉✐❧✐❜	✐✉♠ ✐♥ ��❛�❡ L ✐�✶✽✵

hL

h
=

z

zL
1− η

1− κL − η

(
1− pβdL/(1 + πL)

(1− p)βdL

) 1

σ

. ✭✶✷✮

✾



✸✳ �❛�❛♠❡�❡�✐③❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧✶✽✶

❆ ♣�✐♥❝✐♣❛❧ ❝❧❛✐♠ ♦❢ �❤✐� ♣❛♣❡� ✐� �❤❛� ▲▲ �♦❧✉�✐♦♥� ♦❢ �❤❡ ◆❑ ♠♦❞❡❧ ❝❛♥ ❜�❡❛❦ ❞♦✇♥✶✽✷

✐♥ ❡♠♣✐�✐❝❛❧❧② �❡❧❡✈❛♥� �✐�✉❛�✐♦♥�✳ ❚❤✐� �❡❝�✐♦♥ ❞❡�❝�✐❜❡� ♦✉� ���❛�❡❣② ❢♦� ♣�♦❞✉❝✐♥❣ ❡♠♣✐�✲✶✽✸

✐❝❛❧❧② �❡❧❡✈❛♥� ♣❛�❛♠❡�❡�✐③❛�✐♦♥� ♦❢ �❤❡ ♠♦❞❡❧✳✶✽✹

❙♦♠❡ ♦❢ ♦✉� ♣❛�❛♠❡�❡�� ❛�❡ ✜①❡❞ ❛� ❝♦♠♠♦♥ ✈❛❧✉❡� ✉�❡❞ ❡❧�❡✇❤❡�❡ ✐♥ �❤❡ ◆❑ ❧✐�❡�❛�✉�❡✶✽✺

❛♥❞ ♦�❤❡�� ❛�❡ ❡��✐♠❛�❡❞✳ "�❡❢❡�❡♥❝❡� ♦✈❡� ❝♦♥�✉♠♣�✐♦♥ ❛�❡ ❛��✉♠❡❞ �♦ ❜❡ ❧♦❣❛�✐�❤♠✐❝✶✽✻

✭σ = 1✮ ❜❡❝❛✉�❡ �❤✐� ✐� ❛ ❝♦♠♠♦♥ �❡❢❡�❡♥❝❡ ♣♦✐♥� ✐♥ �❤❡ ❉❙●❊ ❧✐�❡�❛�✉�❡✳ ■� ✐� ❛❧�♦ ✇❡❧❧✶✽✼

❦♥♦✇♥ �❤❛� β ✐� ♥♦� ✇❡❧❧ ✐❞❡♥�✐✜❡❞ ✐♥ ❉❙●❊ ♠♦❞❡❧�✳ ❈♦♥�❡*✉❡♥�❧②✱ β ✐� ✜①❡❞ ❛� ✵✳✾✾✼✶✽✽

✇❤✐❝❤ ✐♠♣❧✐❡� ❛♥ ❛♥♥✉❛❧ �❛�❡ ♦❢ �✐♠❡ ♣�❡❢❡�❡♥❝❡ ♦❢ ✶✳✷✪ ✭�❡❡ ❛❧�♦ ❉❡♥❡� ❡� ❛❧✳ ✷✵✶✸✮✳ ❚❤❡✶✽✾

♣❛�❛♠❡�❡� θ ✐� �❡� �♦ 7.67✱ ✇❤✐❝❤ ✐♠♣❧✐❡� ❛ ♠❛�❦✉♣ ♦❢ ✶✺✪✳✸ ❚❤✐� ❝❤♦✐❝❡ ♦❢ θ ❧✐❡� ♠✐❞✇❛②✶✾✵

❜❡�✇❡❡♥ ♣�❡✈✐♦✉� ❡��✐♠❛�❡� ❜❛�❡❞ ♦♥ ✐♥❞✉���② ❧❡✈❡❧ ❛♥❞ ♠❛❝�♦ ❞❛�❛✳ ❇�♦❞❛ ❛♥❞ ❲❡✐♥��❡✐♥✶✾✶

✭✷✵✵✻✮ ✜♥❞ �❤❛� �❤❡ ♠❡❞✐❛♥ ✈❛❧✉❡ ♦❢ θ �❛♥❣❡� ❢�♦♠ ✸ �♦ ✹✳✸ ✉�✐♥❣ ✹✲❞✐❣✐� ✐♥❞✉���② ❧❡✈❡❧ ❞❛�❛✶✾✷

❢♦� ❛❧�❡�♥❛�✐✈❡ ❝♦✉♥��② ♣❛✐��✳ ❉❡♥❡� ❡� ❛❧✳ ✭✷✵✶✸✮ ❡��✐♠❛�❡ θ �♦ ❜❡ ❛❜♦✉� ✶✸ ✐♥ ❛ ◆❑ ♠♦❞❡❧✶✾✸

�❤❛� ✐� �✐♠✐❧❛� �♦ ♦✉��✳ ❚❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ �❤❛�❡ ♦❢ ♦✉�♣✉�✱ η✱ ✐� ✜①❡❞ ❛� 0.2 ❛♥❞ �❤❡✶✾✹

❧❛❜♦� �❛① �❛�❡✱ τw✱ ✐� �❡� �♦ ✵✳✷✳✶✾✺

✸✳✶✳ �❛�❛♠❡	❡�
 	❤❛	 ❛�❡ ❡
	✐♠❛	❡❞✶✾✻

❇❛②❡�✐❛♥ ♠❡�❤♦❞� ❛�❡ ✉�❡❞ �♦ ❡��✐♠❛�❡ �❤❡ ❝✉�✈❛�✉�❡ ♣❛�❛♠❡�❡� ❢♦� ❧❛❜♦� �✉♣♣❧②✱ ν✱✶✾✼

�❤❡ ♣�✐❝❡ ❛❞❥✉��♠❡♥� ❝♦�� ♣❛�❛♠❡�❡�✱ γ✱ ❛♥❞ �❤❡ ❝♦❡✣❝✐❡♥�� ♦❢ �❤❡ ❚❛②❧♦� �✉❧❡✳ ❚❤❡ ❞❛�❛✶✾✽

❝♦♥�✐��� ♦❢ �❤❡ ❯✳❙✳ ✐♥✢❛�✐♦♥ �❛�❡✱ �❤❡ ♦✉�♣✉� ❣❛♣ ❛♥❞ �❤❡ ❋❡❞❡�❛❧ ❋✉♥❞� �❛�❡ ♦✈❡� ❛ �❛♠♣❧❡✶✾✾

♣❡�✐♦❞ �❤❛� ❡①�❡♥❞� ❢�♦♠ ✶✾✽✺✿■ �❤�♦✉❣❤ ✷✵✵✼✿■❱✳✷✵✵

❖✉� ❡��✐♠❛�❡ ♦❢ ν = 0.37 ✇✐�❤ ❛ ✾✵✪ ❝�❡❞✐❜❧❡ ✐♥�❡�✈❛❧ ♦❢ [0.087, 0.79] ✐� �②♣✐❝❛❧ ♦❢ ✈❛❧✉❡�✷✵✶

✉�❡❞ ✐♥ �❤❡ ◆❑ ❧✐�❡�❛�✉�❡✳ ❙♠❡�� ❛♥❞ ❲♦✉�❡�� ✭✷✵✵✼✮ ❡��✐♠❛�❡ ❛ ✈❛❧✉❡ ✵✳✺✺✱ ❉❡♥❡� ❡� ❛❧✳✷✵✷

✭✷✵✶✸✮ ❡��✐♠❛�❡ ❛ ✈❛❧✉❡ ♦❢ ✵✳✺✷✱ ❛♥❞ ●✉�� ❡� ❛❧✳ ✭✷✵✶✻✮ ❛��✉♠❡ ❧✐♥❡❛� ❞✐�✉�✐❧✐�② ♦❢ ❧❛❜♦�✳✷✵✸

❚❤❡ ♣♦��❡�✐♦� ♠❡❛♥� ♦❢ �❤❡ ❚❛②❧♦� �✉❧❡ ♣❛�❛♠❡�❡�� ❛�❡ φπ = 1.67 ❛♥❞ φy = 0.31✳ ❚❤❡�❡✷✵✹

✸❲❡ ❢♦✉♥❞ �❤❛� θ ❛♥❞ γ ❛�❡ ♥♦� ✐♥❞✐✈✐❞✉❛❧❧② ✐❞❡♥�✐✜❡❞ ❜② ♦✉� ❡��✐♠❛�✐♦♥ ♣�♦❝❡❞✉�❡✳ ●✐✈❡♥ �❤❡ ❝❡♥��❛❧

�♦❧❡ ♣❧❛②❡❞ ❜② γ ✐♥ �❤❡ ◆❑ ♠♦❞❡❧✱ ✇❡ ❞❡❝✐❞❡❞ �♦ ✜① θ ❛♥❞ ❡��✐♠❛�❡ γ✳
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�✐♠❛�❡
✳ ❋♦� ✐♥
�❛♥❝❡✱ ❙♠❡�
 ❛♥❞ ❲♦✉�❡�
✷✵✺

✭✷✵✵✼✮ ❡
�✐♠❛�❡
 ❛�❡ φπ = 1.65 ❛♥❞ φy = 0.31 �❡
♣❡❝�✐✈❡❧②✳ ❚❤❡ ❡
�✐♠❛�❡❞ ♣♦
�❡�✐♦� ♠❡❛♥✷✵✻

♦❢ γ ✐
 ✹✾✺✳✽ ❛♥❞ ✾✵✪ ♦❢ ✐�
 ♣♦
�❡�✐♦� ♠❛

 ❧✐❡
 ❜❡�✇❡❡♥ ✷✼✻ ❛♥❞ ✼✵✵✳ ❖✉� ♣♦
�❡�✐♦� ♠❡❛♥✷✵✼

✐
 ❧❛�❣❡� �❤❛♥ ■�❡❧❛♥❞ ✭✷✵✵✸✮ ✇❤♦ ❡
�✐♠❛�❡
 ❛ ✈❛❧✉❡ ♦❢ ✶✻✷✱ ❛♥❞ ●✉
� ❡� ❛❧✳ ✭✷✵✶✻✮ ✇❤♦✷✵✽

❡
�✐♠❛�❡ γ = 94✳ ■♥ ✇❤❛� ❢♦❧❧♦✇
 ✇❡ ✇✐❧❧ �❡♣♦�� �❡
✉❧�
 ❢♦� ✈❛❧✉❡
 ♦❢ γ �❤❛� �❛♥❣❡ ❢�♦♠✷✵✾

✶✵✵ �♦ ✼✵✵✳ ❆ ❝♦♠♣❧❡�❡ ❞❡
❝�✐♣�✐♦♥ ♦❢ ♦✉� ❡
�✐♠❛�✐♦♥ 
��❛�❡❣② ❛♥❞ ❡
�✐♠❛�❡
 ✐
 �❡♣♦��❡❞ ✐♥✷✶✵

❙❡❝�✐♦♥ ❋ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐①✳✷✶✶

✸✳✷✳ ❚❤❡ ❡①�❡♥� ♦❢ ♥♦♠✐♥❛❧ �✐❣✐❞✐�②✷✶✷

.�❡✈✐♦✉
 �❡
❡❛�❝❤ ❤❛
 ❢♦✉♥❞ �❤❛� ✇❡❛❦ ♥♦♠✐♥❛❧ �✐❣✐❞✐�✐❡
 ❛�❡ ❛

♦❝✐❛�❡❞ ✇✐�❤ ❧❛�❣❡ ✜
❝❛❧✷✶✸

♠✉❧�✐♣❧✐❡�
 ❛� �❤❡ ❩▲❇ ✭
❡❡ ❢♦� ✐♥
�❛♥❝❡✱ ❈❤�✐
�✐❛♥♦ ❡� ❛❧✳ ✷✵✶✶✮✳ ❙❡❝�✐♦♥ ✹ 
❤♦✇
 �❤❛� �❤❡✷✶✹

❡①�❡♥� ♦❢ ♥♦♠✐♥❛❧ �✐❣✐❞✐�② ✐
 ❡✈❡♥ ♠♦�❡ ✐♠♣♦��❛♥� ✇❤❡♥ ✉
✐♥❣ �❤❡ ◆▲ ❡6✉✐❧✐❜�✐✉♠ ❝♦♥❞✐�✐♦♥
✳✷✶✺

❙✉♣♣❧②✲
✐❞❡ ✜
❝❛❧ 
�✐♠✉❧✉
 ✐
 ❡①♣❛♥
✐♦♥❛�② ✐♥ ❛ ♥❡✇ �❡❣✐♦♥ ♦❢ �❤❡ ♣❛�❛♠❡�❡� 
♣❛❝❡ ❛♥❞ �❤❡✷✶✻


✐③❡ ♦❢ �❤✐
 �❡❣✐♦♥ ❞❡♣❡♥❞
 ♦♥ �❤❡ ♠❛❣♥✐�✉❞❡ ♦❢ γ✳✷✶✼

❖♥❡ ✇❛② �♦ ❛

❡

 �❤❡ ♣❧❛✉
✐❜✐❧✐�② ♦❢ �❤❡ ❡①�❡♥� ♦❢ ♥♦♠✐♥❛❧ �✐❣✐❞✐�✐❡
 ✐♥ ♦✉� ♠♦❞❡❧✷✶✽

✐
 �♦ ❝♦♠♣❛�❡ �❤❡ ✐♠♣❧✐❡❞ ✈❛❧✉❡ ♦❢ �❤❡ 
❧♦♣❡ ♦❢ �❤❡ ❧♦❣❧✐♥❡❛�✐③❡❞ ◆❡✇ ❑❡②♥❡
✐❛♥ .❤✐❧❧✐♣
✷✶✾

❝✉�✈❡ ✭slope(NKPC)✮ ✇✐�❤ ♦�❤❡� ❡
�✐♠❛�❡
 ❢�♦♠ �❤❡ ❧✐�❡�❛�✉�❡✳ ❙❝❤♦�❢❤❡✐❞❡ ✭✷✵✵✽✮ 
✉�✈❡②
✷✷✵

♣�❡✈✐♦✉
 ❡
�✐♠❛�❡
 ♦❢ slope(NKPC) ❛♥❞ ✜♥❞
 �❤❛� �❤❡ ♠♦
� 
❤❛�♣❧② ✐❞❡♥�✐✜❡❞ ❡
�✐♠❛�❡
✷✷✶

�❛♥❣❡ ❢�♦♠ 0.01 �♦ 0.03. ■♥ ♦✉� ♠♦❞❡❧ slope(NKPC) ✐
 ❣✐✈❡♥ ❜② θ(σ + ν)/γ. ❙✐♥❝❡ γ ❛♥❞✷✷✷

ν ❛�❡ ❡
�✐♠❛�❡❞ �❤❡✐� ♣♦
�❡�✐♦�
 ❝❛♥ ❜❡ ✉
❡❞ �♦ ❞❡�✐✈❡ �❤❡ ♣♦
�❡�✐♦� ❢♦� slope(NKPC)✳✹✷✷✸

.✉�
✉✐♥❣ �❤✐
 
��❛�❡❣② �❡
✉❧�
 ✐♥ ❛ ♣♦
�❡�✐♦� ♠❡❛♥ ♦❢ slope(NKPC) = 0.021✱ ✇❤✐❝❤ ✐
 ✐♥✷✷✹

�❤❡ ♠✐❞❞❧❡ ♦❢ �❤❡ �❛♥❣❡ ♦❢ ❡
�✐♠❛�❡
 �❡♣♦��❡❞ ❜② ❙❝❤♦�❢❤❡✐❞❡ ✭✷✵✵✽✮✱ ❛♥❞ ❛ ✾✵✪ ❝�❡❞✐❜❧❡✷✷✺

✐♥�❡�✈❛❧ ♦❢ [0.015, 0.032]✱ ✇❤✐❝❤ ✐
 ❝❧♦
❡ �♦ ❤✐
 �❛♥❣❡✳✷✷✻

❆ 
❡❝♦♥❞ ✇❛② �♦ ❛

❡

 �❤❡ ❡①�❡♥� ♦❢ ♥♦♠✐♥❛❧ �✐❣✐❞✐�✐❡
 ✐
 �♦ ❞✐�❡❝�❧② ♠❡❛
✉�❡ �❤❡ �❡
♦✉�❝❡✷✷✼

❝♦
� ♦❢ ♣�✐❝❡ ❛❞❥✉
�♠❡♥�✱ ✇❤✐❝❤ ✐
 ✐♥❝�❡❛
✐♥❣ ✐♥ γ✳ ■♥ �❤❡ ❛♥❛❧②
✐
 �❤❛� ❢♦❧❧♦✇
 ✇❡ �❛�❣❡� ❛✷✷✽

✲✶✪ ❛♥♥✉❛❧ ✐♥✢❛�✐♦♥ �❛�❡ ✐♥ �❤❡ ❩▲❇ 
�❛�❡✳ ❆� �❤✐
 ✐♥✢❛�✐♦♥ �❛�❡ �❤❡ �❡
♦✉�❝❡ ❝♦
� ♦❢ ♣�✐❝❡✷✷✾

✹❋♦� ❝♦♥�✐��❡♥❝② �❤❡�❡ ��❛�✐��✐❝� ❛♥❞ ❛❧❧ �✉❜�❡�✉❡♥� ��❛�✐��✐❝� ✐♥ �❤❡ ♣❛♣❡� ❛�❡ ❝♦♠♣✉�❡❞ ✉�✐♥❣ �❤❡ �❛♠❡

✶✵✱✵✵✵ ❞�❛✇� ❢�♦♠ �❤❡ ♣♦��❡�✐♦� ❞✐���✐❜✉�✐♦♥ ♦❢ {γ, ν, φπ, φy}.
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❞❡❝❧✐♥❡ ✐♥ �❤❡ ❛♥♥✉❛❧✐③❡❞ ✐♥✢❛�✐♦♥ 
❛�❡✳✻ ❙✉✐�❛❜❧❡ ❛❞❥✉��♠❡♥�� �♦ �❤❡ �❤♦❝❦� �♦ ♣
❡❢❡
❡♥❝❡�✷✹✺
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 ♦❢ ♦�❤❡
 ♠❡
✐��✳ ❋✐
��✱ �❤❡ ❧❛
❣❡ ♦✉�♣✉� ❞❡❝❧✐♥❡ ✐♥✷✹✾

❝♦♥❥✉♥❝�✐♦♥ ✇✐�❤ �❤❡ �♠❛❧❧ ❞❡❝❧✐♥❡ ✐♥ �❤❡ ✐♥✢❛�✐♦♥ 
❛�❡ �✉❣❣❡��� �❤❛� �❤❡ ❛❣❣
❡❣❛�❡ �✉♣♣❧②✷✺✵

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

�❡�✉❧�� ❢♦� ✈❛❧✉❡� ♦❢ γ ❛� ❧♦✇ ❛� ✶✵✵✳ ❲❤❡♥ γ = 100✱ slope(NKPC) = 0.105 ❛♥❞ �❤❡ �❡�♦✉�❝❡ ❝♦��� ♦❢ ♣�✐❝❡
❛❞❥✉��♠❡♥� ❛�❡ 0.03✪ ♦❢ ♦✉�♣✉�✳

✻❚❤❡�❡ �❛�❣❡�� ❛�❡ �❛❦❡♥ ❢�♦♠ ❈❤�✐��✐❛♥♦ ❡� ❛❧✳ ✭✷✵✶✶✮✳ ❚❤❡② ♣�♦✈✐❞❡ ❡♠♣✐�✐❝❛❧ ❡✈✐❞❡♥❝❡ �❤❛� �❤❡ ❯✳❙✳
✜♥❛♥❝✐❛❧ ❝�✐�✐� �❤❛� ❡♥�✉❡❞ ❛❢�❡� �❤❡ ❝♦❧❧❛♣�❡ ♦❢ ▲❡❤♠❛♥ ❇�♦�❤❡�� ✐♥ �❤❡ �❤✐�❞ '✉❛��❡� ♦❢ ✷✵✵✽ ♣�♦❞✉❝❡❞ ❛
✼✪ ❞❡❝❧✐♥❡ ✐♥ ●❉, ✇❤✐❝❤ �❤❡② ♠❡❛�✉�❡ ❛� �❤❡ �✉♠ ♦❢ ♣�✐✈❛�❡ ❝♦♥�✉♠♣�✐♦♥✱ ✐♥✈❡��♠❡♥� ❛♥❞ ❣♦✈❡�♥♠❡♥�
❝♦♥�✉♠♣�✐♦♥ ❛♥❞ ❛ ✶✪ ❞❡❝❧✐♥❡ ✐♥ �❤❡ ❛♥♥✉❛❧✐③❡❞ ✐♥✢❛�✐♦♥ �❛�❡✳

✼❙❡❝�✐♦♥ ● ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① �❤♦✇� �❤❛�✱ ❢♦� ❛ ❣✐✈❡♥ ✈❛❧✉❡ ♦❢ p✱ �❤❡�❡ ✐� ❛ ✉♥✐'✉❡ ♠❛♣♣✐♥❣ ❢�♦♠
�❤❡�❡ �✇♦ �❛�❣❡�� �♦ {dL, zL}✳
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 �❛
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❤❛
 ❡①
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♦ ❡♥
❡�
❛✐♥ ✈❛❧✉❡� ♦❢ p 
❤❛
 ❛�❡ ❧❛�❣❡ ❡♥♦✉❣❤ 
♦ ❛��✐❣♥ ♣♦�✐
✐✈❡ ♠❛�� 
♦ ❩▲❇ ❡♣✐�♦❞❡� ♦❢✷✻✹

�❡✈❡♥ ②❡❛��✳ ❚♦ ❣✐✈❡ 
❤❡ �❡❛❞❡� ❛ ♣♦✐♥
 ♦❢ �❡❢❡�❡♥❝❡✱ p ♠✉�
 ❡①❝❡❡❞ 0.92 ✐❢ 
❤❡ ♣�♦❜❛❜✐❧✐
②✷✻✺

♦❢ �❡✈❡♥ ②❡❛�� ♦❢ ③❡�♦ ✐♥
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❢♦❧❧♦✇� 
❤❡ ❜❛�❡❧✐♥❡ ✈❛❧✉❡ ♦❢ p = 0.92. ❍♦✇❡✈❡�✱ �❡�❡❛�❝❤ ✇✐
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♣�♦♣❡��② �❤❛� �❤❡ �❧♦♣❡ ♦❢ �❤❡ ❆❉ �❝❤❡❞✉❧❡ ✐� ♣♦�✐�✐✈❡ ❛♥❞ ��❡❡♣❡� �❤❛♥ �❤❡ ❆❙ �❝❤❡❞✲✷✽✾

✉❧❡✿ slope(AD) > slope(AS) > 0. ❲❡ �❡❢❡� �♦ �❤✐� ❡!✉✐❧✐❜�✐✉♠ ❛� �❤❡ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇✷✾✵

❡!✉✐❧✐❜�✐✉♠✳ ❚❤❡ ❧❡❢� ♣❛♥❡❧ ♦❢ ❋✐❣✉�❡ ✶ ✐❧❧✉���❛�❡� �❤✐� ❡!✉✐❧✐❜�✐✉♠ ✉�✐♥❣ ♦✉� ❜❛�❡❧✐♥❡ ♣❛✲✷✾✶

�❛♠❡�❡�✐③❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ❛♥❞ �❡��✐♥❣ p = 0.8. ❚❤❡ �♦❧✐❞ ❧✐♥❡� �❤♦✇ �❤❡ ❝♦♥✜❣✉�❛�✐♦♥ ♦❢✷✾✷

�❤❡ ❆❉ ❛♥❞ ❆❙ �❝❤❡❞✉❧❡� ✐♥ ��❛�❡ L ✇✐�❤ ♥♦ �❤♦❝❦�✱ Lns✱ ❛♥❞ �❤❡ ❞❛�❤❡❞ ❧✐♥❡� �❤♦✇ �❤❡✷✾✸

❡!✉✐❧✐❜�✐✉♠ ✐♥ ��❛�❡ L ✇✐�❤ �❤♦❝❦� �♦ ♣�❡❢❡�❡♥❝❡� ❛♥❞ �❡❝❤♥♦❧♦❣②✱ L✳✷✾✹
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❢✉♥❞❛♠❡♥�❛❧ �❤♦❝❦� {dL, zL} = {1, 1}✱ �❤❡ ❡!✉✐❧✐❜�✐✉♠ ✐� ❛❧�♦ ✉♥✐!✉❡ ❛♥❞ ❝♦��❡�♣♦♥❞� �♦✷✾✾

�❤❡ ③❡�♦ ✐♥✢❛�✐♦♥ ��❡❛❞② ��❛�❡✳✸✵✵

✶✹



❚❤❡ ▲▲ �♦❧✉	✐♦♥ ✐� �❤♦✇♥ ✐♥ 	❤❡ ✐❣❤	 ♣❛♥❡❧ ♦❢ ❋✐❣✉❡ ✶✳ ❚❤❡ ❆❉ �❝❤❡❞✉❧❡ ❛❧�♦ ❤❛� ❦✐♥❦✸✵✶

❛♥❞ 	❤❡ ▲▲ �♦❧✉	✐♦♥ ✐� ✉♥✐�✉❡ ❢♦ 	❤✐� ❝♦♥✜❣✉❛	✐♦♥ ♦❢ ♣❛❛♠❡	❡�✳✽✸✵✷

�❡✈✐♦✉� ❡�❡❛❝❤ �✉❝❤ ❛� ❈❤✐�	✐❛♥♦ ❡	 ❛❧✳ ✭✷✵✶✶✮ ❛♥❞ ❲♦♦❞❢♦❞ ✭✷✵✶✶✮ ❤❛� ♣♦✐♥	❡❞ ♦✉	✸✵✸

	❤❛	 ❞❡♠❛♥❞✲�✐❞❡ ✜�❝❛❧ �	✐♠✉❧✉� ✐� ♣❛	✐❝✉❧❛❧② ❡✛❡❝	✐✈❡ ✐♥ ❛ ❈♦♥✈❡♥	✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜✐✉♠✳✸✵✹

❚❤❡ ✜�	 ♦❞❡ ❡✛❡❝	 ♦❢ ❛♥ ✐♥❝❡❛�❡ ✐♥ ❣♦✈❡♥♠❡♥	 �♣❡♥❞✐♥❣ ✐� 	♦ �❤✐❢	 	❤❡ ❆❉ �❝❤❡❞✉❧❡✸✵✺

✐❣❤	✇❛❞ ❛❧♦♥❣ ❛♥ ❡��❡♥	✐❛❧❧② �	❛❜❧❡ ❆❙ �❝❤❡❞✉❧❡✳ ❉✉❡ 	♦ 	❤❡ ♣❡�❡♥❝❡ ♦❢ ♥♦♠✐♥❛❧ ✐❣✐❞✐	✐❡�✸✵✻

❡①♣❡❝	❡❞ ✐♥✢❛	✐♦♥ ✐♥❝❡❛�❡�✳ ❙✐♥❝❡ 	❤❡ ♥♦♠✐♥❛❧ ✐♥	❡❡�	 ❛	❡ ✐� ❝♦♥�	❛✐♥❡❞ ❜② 	❤❡ ❩▲❇✱ 	❤❡✸✵✼
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♦✉	♣✉	 ✐♥❝❡❛�❡ ❜② ♠♦❡ 	❤❛♥ ♦♥❡✲❢♦✲♦♥❡ ✇✐	❤ 	❤❡ ✐♥❝❡❛�❡ ✐♥ 	❤❡ ❆❉✳✸✵✾

■	 ❢♦❧❧♦✇� 	❤❛	 	❤❡ ❦❡② ❞❡	❡♠✐♥❛♥	 ♦❢ 	❤❡ ♠❛❣♥✐	✉❞❡ ♦❢ 	❤❡ ♦✉	♣✉	 ♠✉❧	✐♣❧✐❡ ✐� slope(AS).✸✶✵

■♥ 	❤❡ ♥❡✐❣❤❜♦❤♦♦❞ ♦❢ {πL, hL} ✐	 ✐� ❣✐✈❡♥ ❜②✸✶✶

slope(AS) ≡

[
1− pβdL

slope(NKPC)

1 + 2πL

mcL
+

σ

σ + ν

(κL)′

1− κL − η

]−1

✭✶✸✮

✇❤❡❡ ♠❛❣✐♥❛❧ ❝♦�	 ✐♥ �	❛	❡ L ✐� ❣✐✈❡♥ ❜② mcL = πL(1 + πL)(1− pβdL)γ/θ + 1✳✾✸✶✷

❖✉ ✜�	 ❡�✉❧	 ✐� 	❤❛	 	❤❡ ▲▲ �♦❧✉	✐♦♥ ❢♦ 	❤❡ �❧♦♣❡ ♦❢ 	❤❡ ❆❙ �❝❤❡❞✉❧❡✱ slope(ASLL) ≡✸✶✸

slope(NKPC)/(1 − pβ)✱ ✐� ❜✐❛�❡❞✳ ❚♦ ✐❧❧✉�	❛	❡ ✇❤② 	❤✐� ✐� 	❤❡ ❝❛�❡ ♦❜�❡✈❡ 	❤❛	 	❤❡✸✶✹

✜�	 	❡♠ ✐♥ 	❤❡ ✐❣❤	✲❤❛♥❞ �✐❞❡ ♦❢ ✭✶✸✮ �✐♠♣❧✐✜❡� 	♦ slope(ASLL)−1 ✇❤❡♥ ❡✈❛❧✉❛	❡❞ ❛	✸✶✺

(dL, πL) = (1, 0)✳ ❚❤❡ �❡❝♦♥❞ 	❡♠ ✐� ♥❡❣❛	✐✈❡ ✐♥ ❛ ❞❡✢❛	✐♦♥❛② ❩▲❇ ❡�✉✐❧✐❜✐✉♠ ❜✉	✸✶✻

❞✐�❛♣♣❡❛� ❛	 πL = 0✳ ■	 ❡✢❡❝	� 	❤❡ ❢❛❝	 	❤❛	 	❤❡ ❡�♦✉❝❡ ❝♦�	 ♦❢ ♣✐❝❡ ❛❞❥✉�	♠❡♥	✸✶✼
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✇❡❛❧	❤ ❡✛❡❝	 	❤❛	 ♣✉	� ❞♦✇♥✇❛❞ ♣❡��✉❡ ♦♥ ❧❛❜♦ �✉♣♣❧② ❜❡❝❛✉�❡ ❢❡✇❡ ❡�♦✉❝❡� ❛❡✸✶✾

❛❜�♦❜❡❞ ❜② ❝♦�	❧② ♣✐❝❡ ❛❞❥✉�	♠❡♥	✳ ■	 ❢♦❧❧♦✇� 	❤❛	 	❤❡ ❛♣♣♦①✐♠❛	✐♦♥ ❜✐❛� ✐♥ 	❤❡ ▲▲✸✷✵
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♦❝❝✉� ❡✐	❤❡ ✇❤❡♥ p ✐� ❧❛❣❡ ❛♥❞✴♦ ✇❤❡♥ γ ✐� ❧❛❣❡✳ ❚❤✉�✱ ❡✈❡♥ ✐♥ 	❤❡ ❈♦♥✈❡♥	✐♦♥❛❧ ❩▲❇✸✷✷

✽❚❤❡ ♦�❤❡� ♥♦�❡✇♦��❤② ❢❡❛�✉�❡ ♦❢ �❤✐� ✜❣✉�❡ ✐� �❤❛� ASLL ✐� ✐♥❞❡♣❡♥❞❡♥� ♦❢ dL ❛♥❞ zL ❛♥❞ ❞♦❡� ♥♦�

�❤✐❢�✳ ❚❤✐� ✐� ❞✉❡ �♦ �❤❡ ❢❛❝� �❤❛� σ ❤❛� ❜❡❡♥ �❡� �♦ ✶✳ ❙❡❡ ❙❡❝�✐♦♥ ❈ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ❢♦� ❞❡�❛✐❧�✳
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 �❤❡ ❙✉♥
♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❜❡❝❛✉
❡ �❤❡�❡ ❛�❡ �✇♦ ❡�✉✐❧✐❜�✐❛ ❛♥❞ �❤✉
 
✉♥
♣♦�
✸✸✷

❛�❡ ♣♦

✐❜❧❡✳ ❚❤❡
❡ �✇♦ ❡�✉✐❧✐❜�✐❛ ❛�❡ ❞❡♣✐❝�❡❞ ✐♥ �❤❡ ❧❡❢� ♣❛♥❡❧ ♦❢ ❋✐❣✉�❡ ✷ ❢♦� �❤❡ ❝❛
❡✸✸✸

✇❤❡�❡ p = 0.92. ❚❤❡ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❤❛
 �❤❡ ♣�♦♣❡��② �❤❛� slope(AS) > slope(AD) > 0✸✸✹

❛♥❞ �❤❡ 
❡❝♦♥❞ ❡�✉✐❧✐❜�✐✉♠ ❤❛
 ❛ ♣♦
✐�✐✈❡ ✐♥�❡�❡
� �❛�❡✳ ❊♠♣❧♦②♠❡♥� ❛♥❞ ✐♥✢❛�✐♦♥ ❛�❡✸✸✺

❞❡♣�❡

❡❞ ✐♥ �❤❡ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❛♥❞ �❤❡ �✇♦ ❡�✉✐❧✐❜�✐❛ ❛❧
♦ ❡①✐
� ✇❤❡♥ �❤❡ 
❤♦❝❦
 ❛�❡ 
❡�✸✸✻

�♦ �❤❡✐� 
�❡❛❞②✲
�❛�❡ ✈❛❧✉❡
✳✶✵✸✸✼

❇✉❧❧❛�❞ ✭✷✵✶✵✮ ❛♥❞ ▼❡��❡♥
 ❛♥❞ ❘❛✈♥ ✭✷✵✶✹✮ ✐♥��♦❞✉❝❡ 
✉♥
♣♦� ✈❛�✐❛❜❧❡
 ❛♥❞ ❡①♣❧♦�❡✸✸✽

�❤❡ ♣♦

✐❜✐❧✐�② �❤❛� �❤❡ ❝♦♥��❛❝�✐♦♥❛�② ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✐
 ✐♥❞✉❝❡❞ ❜② ❛ ❝♦♥✜❞❡♥❝❡ 
❤♦❝❦✸✸✾

✇✐�❤ ♥♦ ❝❤❛♥❣❡ ✐♥ ❢✉♥❞❛♠❡♥�❛❧
✳ ❚❤❡ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤ 
❤♦❝❦
 ❞❡♣✐❝�❡❞ ✐♥ ❋✐❣✉�❡ ✷✸✹✵

❝❛♥ ❛❧
♦ ❜❡ ✐♥�❡�♣�❡�❡❞ ❛
 ❛ 
✉♥
♣♦� ❡�✉✐❧✐❜�✐✉♠ ✇❤❡�❡ �❤❡ ❝♦♥✜❞❡♥❝❡ 
❤♦❝❦ ✐
 ♣❡�❢❡❝�❧②✸✹✶

❝♦��❡❧❛�❡❞ ✇✐�❤ ❢✉♥❞❛♠❡♥�❛❧
✳ ❲❡ ✇✐❧❧ ❧✐♠✐� ❛��❡♥�✐♦♥ �♦ �❤✐
 �②♣❡ ♦❢ 
✉♥
♣♦� ❡�✉✐❧✐❜�✐✉♠✸✹✷

✐♥ �❤❡ ❛♥❛❧②
✐
 �❤❛� ❢♦❧❧♦✇
✳ ❚❤❡ �✐❣❤� ♣❛♥❡❧ ♦❢ ❋✐❣✉�❡ ✷ 
❤♦✇
 �❤❛� �❤❡ ▲▲ 
♦❧✉�✐♦♥ 
❤❛�❡
✸✹✸

�❤❡
❡ ♣�♦♣❡��✐❡
 ♦❢ ❡�✉✐❧✐❜�✐✉♠ ❢♦� �❤✐
 ❝♦♥✜❣✉�❛�✐♦♥ ♦❢ ♣❛�❛♠❡�❡�
✳✶✶✸✹✹

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

 ❡✛❡❝�✐✈❡ ✐♥ �❤❡✸✹✺

✶✵❲❤❡♥ p ✐� �❡� �♦ ♦♥❡ ❛♥❞ �❤❡ �❤♦❝❦� ❛❡ �❡� �♦ �❤❡✐ ��❡❛❞②✲��❛�❡ ✈❛❧✉❡�✱ �❤❡ ❩▲❇ ❡�✉✐❧✐❜✐✉♠ ❝♦❡�♣♦♥❞�
�♦ �❤❡ ③❡♦ ✐♥�❡❡�� ❛�❡ ��❡❛❞② ��❛�❡ ✐♥ ❇❡♥❤❛❜✐❜ ❡� ❛❧✳ ✭✷✵✵✶✮✳

✶✶❯♥❞❡ ✇❡❛❦ ❝♦♥❞✐�✐♦♥� ❞❡�❝✐❜❡❞ ✐♥ ❙❡❝�✐♦♥ ❈ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ✐� ❝❛♥ ❛❧�♦ ❜❡ �❤♦✇♥ �❤❛� �❤❡❡
✐� ❛ �✐♥❣❧❡ R = 0 ❝♦��✐♥❣ ♣♦✐♥� ♦❢ ADLL ❛♥❞ ASLL✳

✶✻



❙✉♥�♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❜❡❝❛✉�❡ �❤❡ ✐♥✢❛�✐♦♥ �❛�❡ ❢❛❧❧� ❛♥❞ �❤✐� ♣✉�� ❞♦✇♥✇❛�❞ ♣�❡��✉�❡✸✹✻

♦♥ ❡♠♣❧♦②♠❡♥� ❛♥❞ ♦✉�♣✉�✳✶✷ ❙✉♣♣❧②✲�✐❞❡ ��✐♠✉❧✉�✱ ✐♥ ❝♦♥��❛��✱ ✐� ❡①♣❛♥�✐♦♥❛�②✳ ❆ ❧♦✇❡�✸✹✼

❧❛❜♦� �❛① �❤✐❢�� �❤❡ ❆❙ �❝❤❡❞✉❧❡ �✐❣❤� ❛❧♦♥❣ �❤❡ ❆❉ �❝❤❡❞✉❧❡ ❛♥❞ ✐♥✢❛�✐♦♥✱ ❡♠♣❧♦②♠❡♥� ❛♥❞✸✹✽

♦✉�♣✉� ✐♥❝�❡❛�❡✳ ❚❤❡ ♠❛❣♥✐�✉❞❡ ♦❢ �❤❡ ❡♠♣❧♦②♠❡♥� ❛♥❞ ♦✉�♣✉� �❡�♣♦♥�❡� �♦ �✉♣♣❧②✲�✐❞❡✸✹✾

��✐♠✉❧✉� ❞❡♣❡♥❞� ♦♥ �❤❡ �❧♦♣❡ ♦❢ �❤❡ ❆❉ �❝❤❡❞✉❧❡ ❛♥❞ ✐♥❢❡�❡♥❝❡� ❛❜♦✉� �❤✐� ♠❛❣♥✐�✉❞❡✸✺✵

✉�✐♥❣ �❤❡ ▲▲ �♦❧✉�✐♦♥ ❛�❡ ❜✐❛�❡❞✳✸✺✶

❚❤✐� ❛♣♣�♦①✐♠❛�✐♦♥ ❜✐❛� ✐� ❛❧�♦ ❞✉❡ �♦ �❤❡ �❡�♦✉�❝❡ ❝♦��� ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳ ❚❤❡ �❧♦♣❡✸✺✷

♦❢ �❤❡ ❆❉ �❝❤❡❞✉❧❡ ✐♥ �❤❡ ♥❡✐❣❤❜♦�❤♦♦❞ ♦❢ {πL, hL}✱ ✇❤✐❝❤ ✐� ❣✐✈❡♥ ❜②✸✺✸

slope(AD) ≡

[
1

σ

pβdL/(1 + πL)2

1− pβdL/(1 + πL)
+

(κL)′

1− κL − η

]−1

, ✭✶✹✮

❛❧�♦ ❤❛� �✇♦ �❡�♠�✳✶✸ ❚❤❡ ✜��� �❡�♠ ✐♥ ✭✶✹✮ �✐♠♣❧✐✜❡� �♦ p/{σ(1 − p)} ≡ slope(ADLL)−1
✸✺✹

✇❤❡♥ ❡✈❛❧✉❛�❡❞ ❛� (βdL, πL) = (1, 0). ❚❤❡ �❡❝♦♥❞ �❡�♠ ❛�✐�❡� ❜❡❝❛✉�❡ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✸✺✺

❛❜�♦�❜� �❡�♦✉�❝❡�✳ ❚❤❡�❡ ❝♦��� ❛�❡ ♥❡❣❛�✐✈❡ ✐♥ ❛ ❞❡✢❛�✐♦♥❛�② ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❛♥❞ ❛❝�✸✺✻

❧✐❦❡ ❛ ❧❡❛❦② ❜✉❝❦❡� ❞�✐✈✐♥❣ ❛ ✇❡❞❣❡ ❜❡�✇❡❡♥ ✇❤❛� ✐� ♣�♦❞✉❝❡❞ ❛♥❞ ✇❤❛� ✐� ❛✈❛✐❧❛❜❧❡ ❢♦�✸✺✼

❝♦♥�✉♠♣�✐♦♥✳ ❚❤❡ ♣❛�❛♠❡�❡�� p ❛♥❞ γ ❛�❡ ❛❧�♦ ✐♠♣♦��❛♥� ❞❡�❡�♠✐♥❛♥�� ♦❢ �❤❡ ♠❛❣♥✐�✉❞❡✸✺✽

♦❢ �❤❡ ❛♣♣�♦①✐♠❛�✐♦♥ ❜✐❛�✳ ❚❤❡ �❡❝♦♥❞ �❡�♠ ✐� �❡❧❛�✐✈❡❧② ❧❛�❣❡ ✇❤❡♥ p ✐� �♠❛❧❧ ❛♥❞ γ ✐�✸✺✾

❧❛�❣❡✳ ❚❤✉�✱ ✇❡ �❡❡ �❤❛� �❤❡ ▲▲ �♦❧✉�✐♦♥ ✐♥��♦❞✉❝❡� ❜✐❛�❡� ✐♥ ❜♦�❤ �②♣❡� ♦❢ ❡�✉✐❧✐❜�✐❛ �❤❛�✸✻✵

❤❛✈❡ ❜❡❡♥ ❝♦♥�✐❞❡�❡❞ ❜② �❤❡ ♣�❡✈✐♦✉� ❧✐�❡�❛�✉�❡✳✸✻✶

✹✳✷✳ ◆❡✇ �②♣❡
 ♦❢ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ✐♥ �❤❡ ◆❑ ♠♦❞❡❧✸✻✷

❲❡ ♥♦✇ �✉�♥ �♦ ❞✐�❝✉�� �✇♦ �②♣❡� ♦❢ ❩▲❇ ❡�✉✐❧✐❜�✐❛ �❤❛� ♦♥❧② ♦❝❝✉� ✇❤❡♥ ✉�✐♥❣ �❤❡ ◆▲✸✻✸

❡�✉✐❧✐❜�✐✉♠ ❝♦♥❞✐�✐♦♥�✳✸✻✹

✶✷❚❤❡ ♦✈❡�❛❧❧ �❡	♣♦♥	❡ ♦❢ ♦✉�♣✉� ❝❛♥ 	�✐❧❧ ❜❡ ♣♦	✐�✐✈❡ ✐♥ ❛ ❙✉♥	♣♦� ❊�✉✐❧✐❜�✐✉♠ ❜❡❝❛✉	❡ �❤❡ ❆❙ 	❝❤❡❞✉❧❡

	❤✐❢�	 ❛	 ✇❡❧❧✳ ❙❡❝�✐♦♥ ❉✳✷ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ♣�♦✈✐❞❡	 �❤❡ 	♣❡❝✐✜❝ ❝♦♥❞✐�✐♦♥ ❢♦� ✇❤❡♥ �❤✐	 ♦❝❝✉�	✳
✶✸❚❤✐	 ❢♦�♠✉❧❛ ✐	 ❞❡�✐✈❡❞ ✐♥ ❙❡❝�✐♦♥ ❉✳✶ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐①✳

✶✼



✹✳✷✳✶✳ ❚❤❡ ◆❡✇ ❩▲❇ ❡✉✐❧✐❜�✐✉♠✸✻✺

�❡�❤❛♣� �❤❡ ♠♦�� ♥♦✈❡❧ �❡�✉❧� �❤❛� ❡♠❡�❣❡� ❢�♦♠ ❛♥❛❧②③✐♥❣ �❤❡ ◆▲ ❡�✉✐❧✐❜�✐✉♠ ❝♦♥✲✸✻✻

❞✐�✐♦♥� ✐� �❤❛� �❤❡ ❆❉ �❝❤❡❞✉❧❡ ❝❛♥ ❜❡ ❞♦✇♥✇❛�❞ �❧♦♣✐♥❣ ❛� �❤❡ ❩▲❇✳ ❈♦♥�✐❞❡� ❡�✉❛�✐♦♥✸✻✼

✭✶✹✮ ❛♥❞ ♦❜�❡�✈❡ �❤❛� ✇❤❡♥ p = 0 �❤❡ ✜��� �❡�♠ ✐♥ �❤❡ ❡①♣�❡��✐♦♥ ❞✐�❛♣♣❡❛��✳ ❚❤❡ �❡❝♦♥❞✸✻✽

�❡�♠✱ ❤♦✇❡✈❡�✱ ✐� ♥❡❣❛�✐✈❡ ✐♥ ❛♥② ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤ ❞❡✢❛�✐♦♥ ❛♥❞ ✐� ❢♦❧❧♦✇� �❤❛� �❤❡✸✻✾

�❧♦♣❡ ♦❢ �❤❡ ❆❉ �❝❤❡❞✉❧❡ ✐� ❛❧�♦ ♥❡❣❛�✐✈❡✳ ▼♦�❡ ❣❡♥❡�❛❧❧②✱ slope(AD) ✇✐❧❧ ❜❡ ♥❡❣❛�✐✈❡ ✇❤❡♥✸✼✵

�❤❡ �❡❝♦♥❞ �❡�♠ ✐� ❧❛�❣❡� �❤❛♥ �❤❡ ✜��� �❡�♠✳ ❚❤✐� ♦❝❝✉�� ✇❤❡♥ p ✐� �♠❛❧❧ ❛♥❞ ✇❤❡♥ γ ✐�✸✼✶

❧❛�❣❡✳ ❚❤❡ ❆❙ �❝❤❡❞✉❧❡ ✐� ✉♣✇❛�❞ �❧♦♣✐♥❣ ✇❤❡♥ p ✐� �♠❛❧❧ ❛♥❞ γ ✐� ❧❛�❣❡ ❛♥❞ ✐� ❢♦❧❧♦✇� �❤❛�✸✼✷

slope(AD) < 0 < slope(AS) ✐♥ ✇❤❛� ✇❡ ✇✐❧❧ �❡❢❡� �♦ ❛� ❛ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✳ ❋✐❣✉�❡ ✸❛✸✼✸

�❤♦✇� ❛ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤ p = 0.4✳ ❚❤❡ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❞❡♣✐❝�❡❞ ✐♥ �❤❡ ✜❣✉�❡✸✼✹

✐� ❣❧♦❜❛❧❧② ✉♥✐�✉❡✳✶✹ ❋✐�❝❛❧ ♣♦❧✐❝② ✐♥ ❛ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✇♦�❦� ✐♥ �❤❡ �❛♠❡ ✇❛② ❛�✸✼✺

✇❤❡♥ �❤❡ ♥♦♠✐♥❛❧ ✐♥�❡�❡�� �❛�❡ ✐� ♣♦�✐�✐✈❡✳ ❆ �✐❣❤�✇❛�❞ �❤✐❢� ♦❢ �❤❡ ❆❉ �❝❤❡❞✉❧❡ ♠♦✈❡� �❤❡✸✼✻

❡�✉✐❧✐❜�✐✉♠ ❛❧♦♥❣ ❛♥ ✉♣✇❛�❞✲�❧♦♣✐♥❣ ❆❙ �❝❤❡❞✉❧❡✱ ❛♥❞ ❡♠♣❧♦②♠❡♥� ❛♥❞ ♦✉�♣✉� ✐♥❝�❡❛�❡✸✼✼

❧❡�� �❤❛♥ ♣�♦♣♦��✐♦♥❛�❡❧②✳ ■� ❢♦❧❧♦✇� �❤❛� �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♦✉�♣✉� ♠✉❧�✐♣❧✐❡� ✐�✸✼✽

❧❡�� �❤❛♥ ♦♥❡✳ ❙❡❝♦♥❞✱ ❛ ❧❛❜♦� �❛① ❝✉� �❤✐❢�� �❤❡ ❆❙ �❝❤❡❞✉❧❡ ❞♦✇♥ ❛♥❞ �❡�✉❧�� ✐♥ ❧♦✇❡�✸✼✾

✐♥✢❛�✐♦♥ ❛♥❞ ❤✐❣❤❡� ❡♠♣❧♦②♠❡♥�✳ ■♥ ♦�❤❡� ✇♦�❞�✱ �❤❡�❡ ✐� ♥♦ ♣❛�❛❞♦① ♦❢ �♦✐❧ ✐♥ ❛ ◆❡✇ ❩▲❇✸✽✵

❡�✉✐❧✐❜�✐✉♠✳✸✽✶

■♥�♣❡❝�✐♦♥ ♦❢ slope(ADLL) = σ(1− p)/p �❡✈❡❛❧� �❤❛� �❤❡ �❧♦♣❡ ♦❢ �❤❡ ❧♦❣❧✐♥❡❛�✐③❡❞ ❆❉✸✽✷

�❝❤❡❞✉❧❡ ✐� ♥♦♥✲♥❡❣❛�✐✈❡✳ ❚❤✉�✱ ✐♥ ❛♥② ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ slope(ADLL) ❤❛� �❤❡ ✐♥❝♦��❡❝�✸✽✸

�✐❣♥✳✸✽✹

✹✳✷✳✷✳ ▼✉❧�✐♣❧❡ ❩▲❇ ❡✉✐❧✐❜�✐❛✸✽✺

❚❤❡ �❡❝♦♥❞ ♥♦✈❡❧ ♣�♦♣❡��② ♦❢ �❤❡ ◆❑ ♠♦❞❡❧ ✐� �❤❛� �❤❡ ❆❉ ❛♥❞ ❆❙ �❝❤❡❞✉❧❡� ❝❛♥✸✽✻

❤❛✈❡ ♠✉❧�✐♣❧❡ ❝�♦��✐♥❣ ♣♦✐♥�� ❛� �❤❡ ❩▲❇✳ ❲❡ �❡❢❡� �♦ �❤✐� ❝❛�❡ ❛� ▼✉❧�✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛✳✸✽✼

❋✐❣✉�❡ ✸❜ ♣�♦✈✐❞❡� ❛♥ ❡①❛♠♣❧❡ ♦❢ �❤✐� �✐�✉❛�✐♦♥ ✉�✐♥❣ �❤❡ ❜❛�❡❧✐♥❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥ ✇✐�❤✸✽✽

✶✹▼♦�❡ ❣❡♥❡�❛❧❧②✱ ✐❢ slope(AD) < 0 < slope(AS) ✇❡ ❛❧✇❛②� ✜♥❞ �❤❛� �❤❡ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✐� ❣❧♦❜❛❧❧②

✉♥✐�✉❡✳

✶✽



p = 0.88✳ ■♥ �❤✐� ❡①❛♠♣❧❡✱ �❤❡�❡ ❛�❡ �✇♦ ❩▲❇ ❡�✉✐❧✐❜✐❛ ❛♥❞ ♦♥❡ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤ ❛ ♣♦�✐�✐✈❡✸✽✾

♥♦♠✐♥❛❧ ✐♥�❡�❡�� �❛�❡✳✸✾✵

❲❤❡♥ �❤❡ ❆❉ ❛♥❞ ❆❙ �❝❤❡❞✉❧❡� ❤❛✈❡ ♠✉❧�✐♣❧❡ ❝�♦��✐♥❣ ♣♦✐♥��✱ �❤❡ �✇♦ ❩▲❇ ❡�✉✐❧✐❜�✐❛✸✾✶

❤❛✈❡ ❞✐✛❡�❡♥� ❧♦❝❛❧ ♣�♦♣❡��✐❡�✳ ■♥ �❤❡ ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉�❡ ✸❜✱ �❤❡ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ �❤❛� �❡♣�♦✲✸✾✷

❞✉❝❡� �❤❡ ●❘ �❛�❣❡�� ✭�❛�❣❡�❡❞ ❡�✉✐❧✐❜�✐✉♠✮ ❡①❤✐❜✐�� slope(AS) > slope(AD) > 0 ❛♥❞ �❤❡✸✾✸

♦�❤❡� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✭♥♦♥✲�❛�❣❡�❡❞ ❡�✉✐❧✐❜�✐✉♠✮ ❡①❤✐❜✐�� 0 > slope(AD) > slope(AS)✳✸✾✹

❚❤❡ �❡❝♦♥❞ ❡�✉✐❧✐❜�✐✉♠ ✐♥ �❤✐� ❡①❛♠♣❧❡ ✐� ♥♦� ✈❡�② ✐♥�❡�❡��✐♥❣ ❜❡❝❛✉�❡ �❤❡ ✐♥✢❛�✐♦♥ �❛�❡✸✾✺

❛♥❞ ❞❡❝❧✐♥❡ ✐♥ ●❉+ ❛�❡ ✐♠♣❧❛✉�✐❜❧② �♠❛❧❧ ❛� ✲✶✻✳✽✪ ♣❡� ❛♥♥✉♠ ❛♥❞ ✲✶✹✳✽✪ �❡�♣❡❝�✐✈❡❧②✳✸✾✻

❍♦✇❡✈❡�✱ ✐❢ p ✐� �❡� �♦ 0.862 ✐♥��❡❛❞✱ �❤❡ ✐♥✢❛�✐♦♥ �❛�❡ ✐♥ �❤❡ ♥♦♥✲�❛�❣❡�❡❞ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✸✾✼

✐� ❛❧�♦ ✲✶✪ ❛♥❞ ●❉+ ❞❡❝❧✐♥❡� ❜② ✲✼✳✵✷✪✳ ❚❤❡�❡ ♠❛❣♥✐�✉❞❡� ❛�❡ ✈✐��✉❛❧❧② ✐♥❞✐�❝❡�♥✐❜❧❡✸✾✽

❢�♦♠ �❤❡ �❛�❣❡�❡❞ ❡�✉✐❧✐❜�✐✉♠ ✇❤✐❝❤ �❡♣�♦❞✉❝❡� ❛♥ ✐♥✢❛�✐♦♥ �❛�❡ ♦❢ ✲✶✪ ❛♥❞ ❛ ✼✪ ❞❡✲✸✾✾

❝❧✐♥❡ ✐♥ ●❉+✳ ❨❡� �❤❡ �✇♦ ❡�✉✐❧✐❜�✐❛ ❤❛✈❡ ❞✐✛❡�❡♥� ✐♠♣❧✐❝❛�✐♦♥� ❢♦� ✜�❝❛❧ ♣♦❧✐❝②✳ ❚❤❡✹✵✵

�❛�❣❡�❡❞ ❡�✉✐❧✐❜�✐✉♠ �❛�✐�✜❡� slope(AS) > slope(AD) > 0 ❛♥❞ �❤✉� ❤❛� �❤❡ �❛♠❡ ❧♦❝❛❧✹✵✶

❞②♥❛♠✐❝� ❛� �❤❡ ❙✉♥�♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✳ ❲❤❡�❡❛�✱ �❤❡ ♥♦♥✲�❛�❣❡�❡❞ ❡�✉✐❧✐❜�✐✉♠ �❛�✐�✜❡�✹✵✷

slope(AD) > slope(AS) > 0 ❛♥❞ ✐�� ❧♦❝❛❧ ❞②♥❛♠✐❝� ❛�❡ �❤❡ �❛♠❡ ❛� �❤❡ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇✹✵✸

❡�✉✐❧✐❜�✐✉♠✳✹✵✹

❚❤❡�❡ �✇♦ ❡①❛♠♣❧❡� ✐❧❧✉���❛�❡ �❤❛� �❤❡ ♣�♦♣❡��✐❡� ♦❢ �❤✐� ❝❧❛�� ♦❢ ❡�✉✐❧✐❜�✐✉♠ ❝❛♥ ❜❡✹✵✺

✈❡�② �❡♥�✐�✐✈❡ �♦ �❤❡ ♣❛��✐❝✉❧❛� ❝❤♦✐❝❡ ♦❢ p. ■♥❝�❡❛�✐♥❣ p ❜② 0.018 �❡�✉❧�� ✐♥ ❡�✉✐❧✐❜�✐❛ ✇✐�❤✹✵✻

❞✐✛❡�❡♥� ❧♦❝❛❧ ♣�♦♣❡��✐❡�✳ ❚❤❡ �❡❛�♦♥ ✇❤② �❤❡ ❞②♥❛♠✐❝� ❛�❡ �♦ ❝♦♠♣❧✐❝❛�❡❞ ❢♦� p ✐♥ �❤✐�✹✵✼

✐♥�❡�✈❛❧ ✐� ❜❡❝❛✉�❡ ✐� ✐♥❝❧✉❞❡� �❤❡ ❜✐❢✉�❝❛�✐♦♥ ♣♦✐♥� ✇❤❡�❡ slope(AD) = slope(AS)✳✹✵✽

❚❤❡ ▲▲ �♦❧✉�✐♦♥✱ ✐♥ ❝♦♥��❛��✱ ❝❛♥♥♦� ♣�♦❞✉❝❡ ♠✉❧�✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ❜❡❝❛✉�❡ ADLL
✹✵✾

❛♥❞ ASLL ❛�❡ ❧✐♥❡❛� ❛� �❤❡ ❩▲❇✳ ❚❤✐� �❡�✉❧�� ✐♥ ❛ �②♣❡ ♦❢ ❝❧❛��✐✜❝❛�✐♦♥ ❡��♦�✳ ■♥ �❤❡ ❜❡��✹✶✵

❝❛�❡ �❤❡ ▲▲ �♦❧✉�✐♦♥ ✇✐❧❧ ❡①❤✐❜✐� �❤❡ �❛♠❡ ❧♦❝❛❧ ❞②♥❛♠✐❝� ❛� �❤❡ �❛�❣❡�❡❞ ❡�✉✐❧✐❜�✐✉♠✳✹✶✶

❍♦✇❡✈❡�✱ ✐� ✐� ♥♦� ❞✐✣❝✉❧� �♦ ✜♥❞ ❡①❛♠♣❧❡� ✇❤❡�❡ �❤✐� ❞♦❡� ♥♦� ♦❝❝✉�✳✹✶✷

❚❤❡ ▲▲ �♦❧✉�✐♦♥ ❝❛♥ ❜�❡❛❦ ❞♦✇♥ ✐♥ ❛♥♦�❤❡� ✇❛②✳ ■❢ p ✐� �✉✣❝✐❡♥�❧② ❧❛�❣❡ slope(AS) ❝❛♥✹✶✸

❜❡ ♥❡❣❛�✐✈❡ ✇❤❡�❡❛� slope(ASLL) ✐� ❛❧✇❛②� ♣♦�✐�✐✈❡✳ ■♥ �❤❡ �❡�✉❧�� �❤❛� ❢♦❧❧♦✇ ❛ ❞♦✇♥✇❛�❞✹✶✹

�❧♦♣✐♥❣ ❆❙ �❝❤❡❞✉❧❡ ♦♥❧② ♦❝❝✉�� ❢♦� ✈❛❧✉❡� ♦❢ p �❤❛� ❛�❡ ✇❡❧❧ ❛❜♦✈❡ �❤❡ ♠❛①✐♠✉♠ �❤�❡�❤♦❧❞✹✶✺

✶✾



♦❢ 0.95✳ ❙♦ �❤✐� ❝❛�❡ ❞♦❡� ♥♦� ❛�✐�❡ ✐♥ �❤❡ ❛♥❛❧②�✐� �❤❛� ❢♦❧❧♦✇�✳✶✺✹✶✻

✹✳✸✳ ❲❤❡♥ ✐	 
❤❡ ❡❝♦♥♦♠② ✐♥ ✇❤✐❝❤ ❝❛	❡❄✹✶✼

❚❤❡ ♣❛�❛♠❡�❡�� γ ❛♥❞ p ♣❧❛② ❝❡♥��❛❧ �♦❧❡� ✐♥ ❞❡�❡�♠✐♥✐♥❣ �❤❡ ❝❛�❡ ♦❢ ❡�✉✐❧✐❜�✐✉♠ ❛� ✐�✹✶✽

✐❧❧✉���❛�❡❞ ✐♥ ❋✐❣✉�❡ ✹❛✳ ❚❤✐� ✜❣✉�❡ �❡♣♦��� �❡�✉❧�� ❢♦� p ∈ [0.05, 0.95] ❛♥❞ γ ∈ [100, 700]✳✹✶✾

❚❤❡ ♣♦��❡�✐♦� ♠❡❛♥ ♦❢ γ = 495.8 ❛♥❞ �❤❡ ❜❛�❡❧✐♥❡ ✈❛❧✉❡ ♦❢ p = 0.92 ❛�❡ ❞❡♥♦�❡❞ ✇✐�❤✹✷✵

❜❧❛❝❦ ❧✐♥❡�✳ ❍♦✇❡✈❡�✱ ✐� ✐� ✇♦��❤ ❡♠♣❤❛�✐③✐♥❣ �❤❛� ❡❛❝❤ ❡�✉✐❧✐❜�✐✉♠ ❞❡♣✐❝�❡❞ ✐♥ �❤❡ ✜❣✉�❡✹✷✶

�❡♣�♦❞✉❝❡� �❤❡ ●❘ ❞❡❝❧✐♥❡� ✐♥ ♦✉�♣✉� ❛♥❞ ✐♥✢❛�✐♦♥ ❛♥❞ ❤❛� �♠❛❧❧ ❝♦��� ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳✹✷✷

▼♦�❡♦✈❡�✱ �❤❡ ✐♠♣❧✐❡❞ ✈❛❧✉❡ ♦❢ slope(NKPC) ✐� ❛❧�♦ �❡❛�♦♥❛❜❧❡ ✇❤❡♥ γ ∈ [276, 700] ❢♦�✹✷✸

�❤❡ �❡❛�♦♥� ❣✐✈❡♥ ✐♥ ❙❡❝�✐♦♥ ✸✳✷✳✹✷✹

❈♦♥�✐❞❡� ✜��� ✇❤❛� ❤❛♣♣❡♥� ❛� p ✐� ✈❛�✐❡❞ ❤♦❧❞✐♥❣ γ ✜①❡❞ ❛� ✐�� ❜❛�❡❧✐♥❡ ✈❛❧✉❡✳ ❋✐❣✉�❡✹✷✺

✹❛ ✐♥❞✐❝❛�❡� �❤❛� �❤❡ ❙✉♥�♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ♦❝❝✉�� ✇❤❡♥ p ≥ 0.92✳ ❆� p ✐� �❡❞✉❝❡❞✹✷✻

❢�♦♠ ✵✳✾✷ �❤❡ ❆❉ �❝❤❡❞✉❧❡ �♦�❛�❡� �♦ �❤❡ ❧❡❢� ❛♥❞ �❤❡ ❆❙ �♦ �❤❡ �✐❣❤� ❛♥❞ �❤❡ ❡❝♦♥♦♠②✹✷✼

❢❛❧❧� ✐♥ ❛ �❡❣✐♦♥ ✇✐�❤ ▼✉❧�✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛✳ ❚❤✐� ❝❛�❡ ♦❜�❛✐♥� ❢♦� p ∈ [0.855, 0.905] ❛♥❞✹✷✽

❝♦♥�❛✐♥� �❤❡ ❜✐❢✉�❝❛�✐♦♥✳ ❚❤❡ �❛�❣❡�❡❞ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ �❛�✐�✜❡� slope(AD) < slope(AS)✹✷✾

�♦ �❤❡ �✐❣❤� ♦❢ ✐� ❛♥❞ slope(AD) > slope(AS) �♦ �❤❡ ❧❡❢� ♦❢ ✐�✳ ❋♦� p ∈ [0.595, 0.85] �❤❡✹✸✵

❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ♦❜�❛✐♥� �❤❛� ❤❛� ❜❡❡♥ �❤❡ ❢♦❝✉� ♦❢ �❤❡ ♣�❡✈✐♦✉� ❧✐�❡�❛�✉�❡✳✹✸✶

❋✐♥❛❧❧②✱ �❤❡ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ♦❜�❛✐♥� ✇❤❡♥ p < 0.595.✹✸✷

❋✐❣✉�❡ ✹❛ ❛❧�♦ �❤♦✇� ❤♦✇ �❤❡ �✐③❡ ♦❢ �❤❡ ✈❛�✐♦✉� �❡❣✐♦♥� ✈❛�✐❡� ✇✐�❤ �❤❡ ♠❛❣♥✐�✉❞❡✹✸✸

♦❢ γ. ❆� γ ✐� ✐♥❝�❡❛�❡❞ ❢�♦♠ ✐�� ♣♦��❡�✐♦� ♠❡❛♥✱ �❤❡ ❡①�❡♥� ♦❢ ♥♦♠✐♥❛❧ �✐❣✐❞✐�✐❡� ✐♥❝�❡❛�❡�✹✸✹

✭slope(NKPC) ❞❡❝�❡❛�❡�✮ ❛♥❞ �❤❡ �✐③❡ ♦❢ �❤❡ �❡❣✐♦♥ ✇❤❡�❡ �❤❡ ❙✉♥�♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✹✸✺

♦❝❝✉�� �❤�✐♥❦�✳ ❍♦✇❡✈❡�✱ ❡✈❡♥ ❛� γ = 700✱ �❤❡ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❞♦❡� ♥♦� ♦❜�❛✐♥ ❢♦� p✹✸✻

❣�❡❛�❡� �❤❛♥ ♦� ❡�✉❛❧ �♦ ♦✉� ❜❛�❡❧✐♥❡ ✈❛❧✉❡ ♦❢ 0.92. ■♥❝�❡❛�✐♥❣ γ ❢�♦♠ ✐�� ♣♦��❡�✐♦� ♠❡❛♥✹✸✼

❛❧�♦ ✐♥❝�❡❛�❡� �❤❡ �✐③❡ ♦❢ �❤❡ �❡�♦✉�❝❡ ❝♦��� ♦❢ ♣�✐❝❡ ❛❞❥✉��♠❡♥� ❛♥❞ �❤✐� ❛❝�� �♦ ✐♥❝�❡❛�❡✹✸✽

�❤❡ �✐③❡ ♦❢ �❤❡ �❡❣✐♦♥ ✇❤❡�❡ �❤❡ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ♦❝❝✉��✳ ❋♦� ✐♥��❛♥❝❡✱ ✇❤❡♥ γ = 700✹✸✾

❛ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ♦❝❝✉�� ❢♦� ❛❧❧ p ≤ 0.675.✹✹✵

✶✺❙❡❝�✐♦♥ ❆✳✶ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ♣�♦✈✐❞❡� ❛♥ ❡①❛♠♣❧❡ ✇❤❡�❡ �❤✐� �②♣❡ ♦❢ ❡�✉✐❧✐❜�✐✉♠ ♦❝❝✉�� ❛�

�♠❛❧❧❡� ✈❛❧✉❡� ♦❢ p✳

✷✵



❋✐❣✉�❡ ✹❜ ❞❡♣✐❝� ✇❤❡♥ ❡❛❝❤ �②♣❡ ♦❢ ❡�✉✐❧✐❜�✐✉♠ ♦❝❝✉� ✐❢ ♦♥❡ ✉❡ �❤❡ ▲▲ ♦❧✉�✐♦♥✹✹✶

✐♥�❡❛❞✳ ❆� �❤❡ ❜❛❡❧✐♥❡ ✈❛❧✉❡ ♦❢ γ✱ �❤❡ ▲▲ ♦❧✉�✐♦♥ ♠✐❝❧❛✐✜❡ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ❛✹✹✷

❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ✇❤❡♥ p < 0.6✳ ■� ❛❧♦ ♠✐❝❧❛✐✜❡ ♠♦� ♦❢ �❤❡ ▼✉❧�✐♣❧❡ ❩▲❇✹✹✸

❡�✉✐❧✐❜�✐❛ ❛ ❙✉♥♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐❛✳✹✹✹

◆❡①� ✇❡ ✉❡ ❛ �❛�✐�✐❝❛❧ ❛♣♣�♦❛❝❤ �♦ ❡✈❛❧✉❛�❡ �❤❡ �❡❧❛�✐✈❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ �❤❡ ❢♦✉� ❝❛❡✹✹✺

❛� ❛❧�❡�♥❛�✐✈❡ ✈❛❧✉❡ ♦❢ p✳ ❲❡ ❞�❛✇ ✶✵✱✵✵✵ �❡❛❧✐③❛�✐♦♥ ❢�♦♠ �❤❡ ♣♦�❡�✐♦� ❥♦✐♥� ❞✐��✐❜✉�✐♦♥✹✹✻

♦❢ {γ, ν, φπ, φy}✱ ♦❧✈❡ �❤❡ ♠♦❞❡❧ ❢♦� ❡❛❝❤ ❞�❛✇ ❛♥❞ ❡❛❝❤ ✈❛❧✉❡ ♦❢ p✱ ❛♥❞ ❞❡�❡�♠✐♥❡ ✇❤✐❝❤ ♦❢✹✹✼

�❤❡ ❢♦✉� ❝❛❡ ♦❜�❛✐♥✳ ❚❤❡ �❡✉❧�✐♥❣ ❢�❡�✉❡♥❝✐❡ ♦❢ ❡❛❝❤ �②♣❡ ♦❢ ❡�✉✐❧✐❜�✐✉♠ ❛�❡ �❡♣♦��❡❞✹✹✽

✐♥ ❋✐❣✉�❡ ✺✳ ❲❤❡♥ p ≥ 0.925 �❤❡ ♣♦�❡�✐♦� ❞✐��✐❜✉�✐♦♥ ❛✐❣♥ ♦✈❡� ✾✵✪ ♦❢ ✐� ♠❛✹✹✾

�♦ �❤❡ ❙✉♥♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✳ ❋♦� p ∈ [0.665, 0.815] �❤❡ ♣♦�❡�✐♦� ❛✐❣♥ ♠♦�❡ �❤❛♥✹✺✵

✾✵✪ ♦❢ ✐� ♠❛ �♦ �❤❡ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ❛♥❞ ❢♦� ❛❧❧ ✈❛❧✉❡ ♦❢ p ≤ 0.49✱ �❤❡✹✺✶

♣♦�❡�✐♦� ❞✐��✐❜✉�✐♦♥ ❛✐❣♥ ♦✈❡� ✾✵✪ ♦❢ ✐� ♠❛ �♦ �❤❡ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✳ ❋♦� �❤❡✹✺✷

�❡♠❛✐♥✐♥❣ ✈❛❧✉❡ ♦❢ p �❤❡ ♣♦�❡�✐♦� ❛✐❣♥ ♠♦�❡ �❤❛♥ ✶✵✪ ♠❛ �♦ �✇♦ ♦� ♠♦�❡ ❝❧❛❡✹✺✸

♦❢ ❡�✉✐❧✐❜�✐✉♠✳ ❚❤❡ �❡❣✐♦♥ ✇✐�❤ ▼✉❧�✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ❢❛❧❧ ✐♥�♦ �❤✐ ✜♥❛❧ ❝❛�❡❣♦�②✳ ❆�✹✺✹

♦✉� ❜❛❡❧✐♥❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧✱ �❤❡ ❙✉♥♣♦� ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✐ ♠♦� ❧✐❦❡❧②✹✺✺

❛❝❝♦�❞✐♥❣ �♦ �❤❡ ♣♦�❡�✐♦� ❞✐��✐❜✉�✐♦♥✳ ❙�✐❧❧✱ ♥♦♥❡ ♦❢ �❤❡ ❢♦✉� ❝❛❡ ♦❢ ❡�✉✐❧✐❜�✐❛ ❝❛♥ ❜❡✹✺✻

�✉❧❡❞ ♦✉� ❜❡❝❛✉❡ ❡❛❝❤ ❝❛❡ ❝❛♥ �❡♣�♦❞✉❝❡ �❤❡ ●❘ ♦❜❡�✈❛�✐♦♥ ✇✐�❤ ♠❛❧❧ �❡♦✉�❝❡ ❝♦�✹✺✼

❛♥❞ ♠♦❞❡�❛�❡ ❛♠♦✉♥� ♦❢ ♥♦♠✐♥❛❧ �✐❣✐❞✐�✐❡ ❢♦� ♦♠❡ ❝❤♦✐❝❡ ♦❢ p.✹✺✽

✺✳ ❙♠❛❧❧ ❛♥❞ ♦
�❤♦❞♦① ✜�❝❛❧ ♠✉❧�✐♣❧✐❡
� ❛� �❤❡ ❩▲❇✹✺✾

❚❤❡❡ �❡✉❧� ❤❛✈❡ ✉❜�❛♥�✐✈❡ ✐♠♣❧✐❝❛�✐♦♥ ❢♦� �❤❡ ❝♦♥❞✉❝� ♦❢ ✜❝❛❧ ♣♦❧✐❝② ❛� �❤❡ ③❡�♦✹✻✵

❜♦✉♥❞✳ 2❡�❤❛♣ �❤❡ ♠♦� ��✐❦✐♥❣ �❡✉❧� ✐ �❤❛� �❤❡ ◆❑ ♠♦❞❡❧ ❝❛♥ ❜❡ ✉❡❞ �♦ ♠❛❦❡ �❤❡✹✻✶

❝❛❡ ❢♦� �❤❡ ✉❡ ♦❢ ✉♣♣❧②✲✐❞❡ ✜❝❛❧ �✐♠✉❧✉ ✐♥ ❛ ❧♦✇ ✐♥�❡�❡� �❛�❡ ❡♥✈✐�♦♥♠❡♥�✳ ❙✉♣♣❧②✲✹✻✷

✐❞❡ �✐♠✉❧✉ ✉❝❤ ❛ ❛ ❧❛❜♦� �❛① ❝✉� ✐♥❝�❡❛❡ ❡♠♣❧♦②♠❡♥� ❢♦� ♦♠❡ ❡♠♣✐�✐❝❛❧❧② �❡❧❡✈❛♥�✹✻✸

♣❛�❛♠❡�❡�✐③❛�✐♦♥ ♦❢ �❤❡ ◆❑ ♠♦❞❡❧✳ ❚❤❡❡ ❛♠❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥ ❤❛✈❡ �❤❡ ♣�♦♣❡��② �❤❛�✹✻✹

❞❡♠❛♥❞✲✐❞❡ ✜❝❛❧ �✐♠✉❧✉ ✐ ✇❡❛❦✳ ■♥ ♣❛��✐❝✉❧❛�✱ �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛❡ ●❉2 ♠✉❧�✐♣❧✐❡�✹✻✺

✐ ❝❧♦❡ �♦ ♦� ❡✈❡♥ ❧❡ �❤❛♥ ♦♥❡✳ ■♥ �❤❡ ❝♦✉�❡ ♦❢ ♠❛❦✐♥❣ �❤❡❡ ♣♦✐♥� ✇❡ ✐❧❧✉��❛�❡ ❤♦✇✹✻✻

✷✶



�❤❡ ❛♣♣�♦①✐♠❛�✐♦♥ ❜✐❛❡ ✐♥ �❤❡ ▲▲ ♦❧✉�✐♦♥ ❞♦❝✉♠❡♥�❡❞ ✐♥ ❙❡❝�✐♦♥ ✹ ❛✛❡❝� �❤❡ ✐❣♥ ❛♥❞✹✻✼

♠❛❣♥✐�✉❞❡ ♦❢ �❤❡ ❧❛❜♦� �❛① ❛♥❞ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛❡ ✜❝❛❧ ♠✉❧�✐♣❧✐❡�✳✹✻✽

■♥ ✇❤❛� ❢♦❧❧♦✇ �❤❡ ✜❝❛❧ ♠✉❧�✐♣❧✐❡� ❛�❡ ❝♦♠♣✉�❡❞ ❜② �❤❡ ❞❡�✐✈✐♥❣ �❤❡ �❡♣♦♥❡ ♦❢✹✻✾

�❤❡ ❡♥❞♦❣❡♥♦✉ ✈❛�✐❛❜❧❡ �♦ ❛ ♠❛❧❧ ♣❡��✉�❜❛�✐♦♥ ✐♥ ❡✐�❤❡� τw ♦� η ✐♥ �❛�❡ L✳ ❆♥❛❧②�✐❝❛❧✹✼✵

❢♦�♠✉❧❛ ❢♦� �❤❡ �✇♦ ✜❝❛❧ ♠✉❧�✐♣❧✐❡� ❛�❡ ❞✐♣❧❛②❡❞ ✐♥ ❙❡❝�✐♦♥ ❉✳✷ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐①✳✹✼✶

✺✳✶✳ ▲❛❜♦� 	❛① ♠✉❧	✐♣❧✐❡�✹✼✷

❚❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� �❡♣♦��❡❞ ❤❡�❡ ♠❡❛✉�❡ �❤❡ ♣❡�❝❡♥�❛❣❡ �❡♣♦♥❡ ♦❢ ❡♠♣❧♦②♠❡♥�✹✼✸

✇❤❡♥ �❤❡ ❧❛❜♦� �❛① ✐ �❛✐�❡❞ ❜② ♦♥❡ ♣❡�❝❡♥�❛❣❡ ♣♦✐♥�✳ ❋♦� ✐♥�❛♥❝❡✱ ❛ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡�✹✼✹

♦❢ ✲✶ ♠❡❛♥ �❤❛� ❡♠♣❧♦②♠❡♥� ❢❛❧❧ ❜② ♦♥❡ ♣❡�❝❡♥� ✇❤❡♥ �❤❡ ❧❛❜♦� �❛① ✐ ✐♥❝�❡❛❡❞ ❢�♦♠ ✵✳✷✹✼✺

�♦ ✵✳✷✶✳✹✼✻

❋✐❣✉�❡ ✻❛ ❤♦✇ �❤❛� �❤❡ ♣♦�❡�✐♦� ♦❞❞ ♦❢ ❛ ♣❛�❛❞♦① ♦❢ �♦✐❧ ❛�❡ ✈❡�② ♠❛❧❧ ❢♦� ❛ ❧❛�❣❡✹✼✼

❡� ♦❢ ♣❧❛✉✐❜❧❡ ❩▲❇ ❡+✉✐❧✐❜�✐❛✳ ❚❤❡ ✜❣✉�❡ �❡♣♦�� �❤❡ ♠❡❞✐❛♥ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ❛ ✇❡❧❧✹✼✽

❛ �❤❡ ✶✵�❤ ♣❡�❝❡♥�✐❧❡ ❛♥❞ �❤❡ ✾✵�❤ ♣❡�❝❡♥�✐❧❡ ❢♦� ❡❛❝❤ ✈❛❧✉❡ ♦❢ p✳✶✻ ❖❜❡�✈❡ �❤❛� �❤❡ ✾✵�❤✹✼✾

♣❡�❝❡♥�✐❧❡ ✈❛❧✉❡ ♦❢ �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐ ♥❡❣❛�✐✈❡ ❛� �❤❡ ❜❛❡❧✐♥❡ ✈❛❧✉❡ ♦❢ p = 0.92 ❛♥❞✹✽✵

❛❧❧ p ❛❜♦✈❡ ✐�✳ ▼♦�❡ ❣❡♥❡�❛❧❧②✱ �❤❡ ♣♦�❡�✐♦� ♦❞❞ ♦❢ ❛ ♣❛�❛❞♦① ♦❢ �♦✐❧ ❛�❡ ❧❡ �❤❛♥ ✵✳✶✵ ❢♦�✹✽✶

❛❧❧ p ≥ 0.885 ❛♥❞ ❛❧♦ ❛❧❧ p ≤ 0.49✳ ❖♥❡ ❝❛♥♥♦� �✉❧❡ ♦✉� �❤❡ ♣♦✐❜✐❧✐�② ♦❢ ❛ ♣❛�❛❞♦① ♦❢ �♦✐❧✹✽✷

�❤♦✉❣❤✳ ❋♦� p ∈ [0.665, 0.83]✱ �❤❡ ✶✵�❤ ♣❡�❝❡♥�✐❧❡ ♦❢ �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐ ♣♦✐�✐✈❡✳✹✽✸

❲❤② ❛�❡ �❤❡ ♣♦�❡�✐♦� ♦❞❞ ♦❢ �❤❡ ♣❛�❛❞♦① ♦❢ �♦✐❧ ❧♦✇ ❢♦� ❧♦✇ p ❛♥❞ ❤✐❣❤ p ❛♥❞ ✇❤②✹✽✹

❛�❡ �❤❡② ❧❛�❣❡ ❢♦� p ∈ [0.665, 0.83]❄ ◆♦� ✉�♣�✐✐♥❣❧②✱ �❤❡❡ ❛�❡ ❡❡♥�✐❛❧❧② �❤❡ ❛♠❡ �❡❣✐♦♥✹✽✺

✇❡�❡ �❤❡ ♦❞❞ ❛�❡ ❤✐❣❤ �❤❛� �❤❡ ❡+✉✐❧✐❜�✐✉♠ ✐ ♦❢ ❛ ♣❛��✐❝✉❧❛� �②♣❡✳ ❋♦� ✐♥�❛♥❝❡✱ �❤❡ ◆❡✇✹✽✻

❩▲❇ ❡+✉✐❧✐❜�✐✉♠ ❛❧♦ ❤❛ ♣♦�❡�✐♦� ♦❞❞ ♦❢ ♠♦�❡ �❤❛♥ ✵✳✾✵ ✇❤❡♥ p ≤ 0.49.✹✽✼

❋✐❣✉�❡ ✻❛ ❛❧♦ ❤♦✇ ✇❤❡♥ �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐ ❧❛�❣❡ ❛♥❞ ✇❤❡♥ ✐� ✐ ♠❛❧❧✳ ■� ✐✹✽✽

❝❧❡❛� ❢�♦♠ �❤❡ ✜❣✉�❡ �❤❛� ✐� ❝❛♥ ❜❡ ❛�❜✐��❛�✐❧② ❧❛�❣❡ ✐♥ �❤❡ ♥❡✐❣❤❜♦�❤♦♦❞ ♦❢ �❤❡ ❜✐❢✉�❝❛�✐♦♥✳✹✽✾

✶✻❚❤❡ ❝�❡❞✐❜✐❧✐
② ✐♥
❡�✈❛❧� ✇❡�❡ ♣�♦❞✉❝❡❞ ✉�✐♥❣ 
❤❡ �❛♠❡ ♠❡
❤♦❞ ✉�❡❞ 
♦ ♣�♦❞✉❝❡ ❋✐❣✉�❡ ✺✳ ❲❡ �❡♣♦�


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

✐♥ 
❤❡ ♥❡✐❣❤❜♦�❤♦♦❞ ♦❢ 
❤❡ ❜✐❢✉�❝❛
✐♦♥✳ ■♥ �✐
✉❛
✐♦♥� ✇✐
❤ ♠✉❧
✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ✇❡ ♦♥❧② 
❛❜✉❧❛
❡ 
❤❡


❛�❣❡
❡❞ ❡�✉✐❧✐❜�✐✉♠✳

✷✷



❚♦ �❤❡ �✐❣❤� ♦❢ �❤❡ ❜✐❢✉�❝❛�✐♦♥ �❤❡ ♠✉❧�✐♣❧✐❡� ✐� ❧❛�❣❡ ❛♥❞ ♥❡❣❛�✐✈❡✳ ❚♦ �❤❡ ❧❡❢� ♦❢ �❤❡✹✾✵

❜✐❢✉�❝❛�✐♦♥✱ ❤♦✇❡✈❡�✱ ✐� �✉✐❝❦❧② ❜❡❝♦♠❡� �♠❛❧❧✳ ❚❤❡ ♠❡❞✐❛♥ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ❢❛❧❧� ❜❡❧♦✇✹✾✶

♦♥❡ ❛� p = 0.825 ❛♥❞ ✐� ✐� ❧❡�� �❤❛♥ ✵✳✵✺ ✐♥ ❛❜�♦❧✉�❡ ✈❛❧✉❡ ❢♦� ❛❧❧ p ≤ 0.675.✹✾✷

✺✳✷✳ ●♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡�✹✾✸

❋✐❣✉�❡ ✻❜ �❡♣♦��� �❤❡ ♠❡❞✐❛♥ ❛♥❞ �❤❡ ✶✵�❤ ❛♥❞ ✾✵�❤ ♣❡�❝❡♥�✐❧❡� ♦❢ �❤❡ ♣♦��❡�✐♦� ❞✐���✐❜✉✲✹✾✹

�✐♦♥ ♦❢ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ●❉% ♠✉❧�✐♣❧✐❡��✳ ❚❤❡ ♠❡❞✐❛♥ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡�✹✾✺

✐� ♣♦�✐�✐✈❡ ❜✉� ❧❡�� �❤❛♥ ♦♥❡ ✇❤❡♥ p ≥ 0.92.✶✼ ■♥ ❢❛❝�✱ �❤❡ ✾✵�❤ ♣❡�❝❡♥�✐❧❡ ✐� ❛❧�♦ ❧❡�� �❤❛♥✹✾✻

♦♥❡ ❢♦� p ≥ 0.885. ❚❤✐� ✐� �❤❡ �❛♠❡ ✐♥�❡�✈❛❧ ✇❤❡�❡ �❤❡ ♣♦��❡�✐♦� ❛��✐❣♥� ♠♦�� ♠❛�� �♦ ❛✹✾✼

❧❛�❣❡ ❛♥❞ ♥❡❣❛�✐✈❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡�✳✹✾✽

❘❡❝❛❧❧ �❤❛� �❤❡ ♣♦��❡�✐♦� ♦❞❞� ♦❢ ❛ ♣♦�✐�✐✈❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✇❡�❡ ✈❡�② �♠❛❧❧ ✇❤❡♥✹✾✾

p ≤ 0.49✳ ■♥ �❤✐� ✐♥�❡�✈❛❧ �❤❡ ♠❡❞✐❛♥ ✈❛❧✉❡ ♦❢ �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐� ❧❡��✺✵✵

�❤❛♥ ✶✳✵✵✾ ❛♥❞ �❤❡ ✾✵�❤ ♣❡�❝❡♥�✐❧❡ ✐� ❧❡�� �❤❛♥ ✶✳✵✶✽✳✺✵✶

❆ ❝♦♠♣❛�✐�♦♥ ✇✐�❤ ❋✐❣✉�❡ ✺ ✐♥❞✐❝❛�❡� �❤❛� �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐� ❛❧�♦✺✵✷

�♠❛❧❧ ✐♥ �❡❣✐♦♥� ♦❢ �❤❡ ♣❛�❛♠❡�❡� �♣❛❝❡ ✇❤❡�❡ ✇❡ ❛�❡ ❤✐❣❤❧② ❝♦♥✜❞❡♥� �❤❛� �❤❡ ❡�✉✐❧✐❜�✐✉♠✺✵✸

✐� ❛ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠✳ ❚❤❡ ♣♦��❡�✐♦� ❛��✐❣♥� ♠♦�❡ �❤❛♥ ✾✵✪ ♦❢ ✐�� ♠❛�� �♦ ❛✺✵✹

❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ✇❤❡♥ p ∈ [0.665, 0.815]✱ ❜✉� �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐� ❧❡��✺✵✺

�❤❛♥ ✶✳✵✺ ✇❤❡♥ p ≤ 0.78.✺✵✻

❚❤✉�✱ ✇❡ �❡❡ �❤❛� �❤❡�❡ ❛�❡ �✇♦ �❛�❤❡� ❧❛�❣❡ �❡❣✐♦♥� ♦❢ �❤❡ ♣❛�❛♠❡�❡� �♣❛❝❡ ❛� ✐♥❞❡①❡❞✺✵✼

❜② p ✇❤❡�❡ �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐� ❧❡�� �❤❛♥ ✶✳✵✺ ❛♥❞ ✐♥ ❛ ❧❛�❣❡ �✉❜�❡� ♦❢✺✵✽

�❤❡�❡ ✐♥�❡�✈❛❧� �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐� ❛❧�♦ ♥❡❣❛�✐✈❡✳ ▼♦�❡♦✈❡�✱ ❜❛�❡❞ ♦♥ �❤❡ �❡❛�♦♥✐♥❣✺✵✾

♣�♦✈✐❞❡❞ ✐♥ ❙❡❝�✐♦♥ ✸✱ ❛❧❧ ♦❢ �❤❡�❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥� ❛�❡ ❡♠♣✐�✐❝❛❧❧② �❡❧❡✈❛♥�✳✺✶✵

■� �❤♦✉❧❞ ❜❡ ❡♠♣❤❛�✐③❡❞ �❤❛� �❤❡�❡ �❡�✉❧�� ❞♦ ♥♦� �✉❧❡ ♦✉� �❤❡ ♣♦��✐❜✐❧✐�✐❡� ♦❢ ❧❛�❣❡✺✶✶

❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡�� ❛♥❞ ♣♦�✐�✐✈❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡��✳ ❚❤❡ ♠❡❞✐❛♥ ❣♦✈❡�♥✲✺✶✷

♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ❡①❝❡❡❞� ✶✳✷ ❛♥❞ �❤❡ ♠❡❞✐❛♥ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐� ♣♦�✐�✐✈❡ ✇❤❡♥✺✶✸

p ∈ [0.815, 0.86]✳ ■� ✐� ✇♦��❤ ♥♦�✐♥❣ �❤♦✉❣❤ �❤❛� �❤❡�❡ ✐� ♠❛��✐✈❡ ❛♠♦✉♥�� ♦❢ ✉♥❝❡��❛✐♥�②✺✶✹

✶✼❚❤❡ ❣♦✈❡�♥♠❡♥
 ♣✉�❝❤❛�❡ ♠✉❧
✐♣❧✐❡� ❝❛♥ ❜❡ ♥❡❣❛
✐✈❡ ❜✉
 
❤❡ �❡❣✐♦♥ ✇❤❡�❡ 
❤✐� ♦❝❝✉�� ✐� ✈❡�② �♠❛❧❧✳

❙❡❡ ❙❡❝
✐♦♥ ❉✳✷ ♦❢ 
❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ❢♦� 
❤❡ �♣❡❝✐✜❝ ❝♦♥❞✐
✐♦♥✳

✷✸



❛❜♦✉� �❤❡ ♠❛❣♥✐�✉❞❡ ♦❢ �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐♥ �❤✐� �❡❣✐♦♥✳ ❚❤❡ ✶✵�❤ ♣❡�✲✺✶✺

❝❡♥�✐❧❡ ❢♦� �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ♥❡✈❡� ❡①❝❡❡❞� ✶✳✵✾ ❢♦� p ∈ [0.815, 0.83] ❛♥❞✺✶✻

�❤❡♥ ✐� ♥❡❣❛�✐✈❡ ❢♦� p ∈ [0.845, 0.86] ✇❤✐❧❡ �❤❡ ✾✵�❤ ♣❡�❝❡♥�✐❧❡ ✐♥❝�❡❛�❡� ♠♦♥♦�♦♥✐❝❛❧❧② ❢�♦♠✺✶✼

✶✳✼✷ �♦ ✹✳✵✼ ✇❤❡♥ p ∈ [0.815, 0.86]. ❚❤❡ �❡❛�♦♥ ❢♦� �❤✐� ✉♥❝❡��❛✐♥�② ✐� �❤❛� �❤❡ ❞②♥❛♠✐❝�✺✶✽

❜✐❢✉�❝❛�❡ ✐♥ �❤✐� �❡❣✐♦♥ ♦❢ �❤❡ ♣❛�❛♠❡�❡� �♣❛❝❡ ❛♥❞ �♠❛❧❧ ✈❛�✐❛�✐♦♥� ✐♥ �❤❡ ❝♦♥✜❣✉�❛�✐♦♥ ♦❢✺✶✾

♣❛�❛♠❡�❡�� �❤✐❢� �❤❡ ❧♦❝❛�✐♦♥ ♦❢ �❤❡ ❜✐❢✉�❝❛�✐♦♥✳✺✷✵

✺✳✸✳ ❈♦♠♣❛	✐�♦♥ ✇✐�❤ ♣	❡✈✐♦✉� ❡��✐♠❛�❡� ❜❛�❡❞ ♦♥ ▲▲✺✷✶

❚❤❡ ♣�❡✈✐♦✉� ❧✐�❡�❛�✉�❡ ❤❛� �❡❛❝❤❡❞ ❞✐✛❡�❡♥� ❝♦♥❝❧✉�✐♦♥� ❢�♦♠ ♦✉��✳ ■� ❤❛� ❝♦♥❝❧✉❞❡❞✺✷✷

�❤❛� �✉♣♣❧②✲�✐❞❡ ✜�❝❛❧ ��✐♠✉❧✉� ✐� ❝♦♥��❛❝�✐♦♥❛�② ❛� �❤❡ ❩▲❇ ❛♥❞ ❤❛� ❢♦✉♥❞ �❤❛� �❤❡ ❣♦✈❡�♥✲✺✷✸

♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐� ❧❛�❣❡✳ ❍♦✇ ❞♦ ✇❡ �❡❝♦♥❝✐❧❡ ♦✉� �❡�✉❧�� ✇✐�❤ ♣�❡✈✐♦✉� �❡�✉❧��❄✺✷✹

❖♥❡ �❡❛�♦♥ ♣�❡✈✐♦✉� �❡�✉❧�� ❛❜♦✉� �❤❡ ♣�♦♣❡��✐❡� ♦❢ ✜�❝❛❧ ��✐♠✉❧✉� ❛� �❤❡ ❩▲❇ ❛�❡ ❛� ♦❞❞�✺✷✺

✇✐�❤ ♦✉� �❡�✉❧�� ✐� �❤❛� �❤❡ ♣�❡✈✐♦✉� ❧✐�❡�❛�✉�❡ ❤❛� �❡❧✐❡❞ ♦♥ ▲▲ �♦❧✉�✐♦♥�✳ ❚❤❡ ❜�❡❛❦❞♦✇♥✺✷✻

♦❢ �❤❡ ▲▲ �♦❧✉�✐♦♥ ✐� ❧❛�❣❡�� ✐♥ �❤❡ ❝❛�❡ ♦❢ �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ❛� �❤♦✇♥ ✐♥ ❋✐❣✉�❡� ✼❛✺✷✼

❛♥❞ ✼❝✳ ❚❤❡ ◆▲ �♦❧✉�✐♦♥ ❤❛� �❤❡ ♣�♦♣❡��② �❤❛� �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐� ♥❡❣❛�✐✈❡ ✐♥ �❤❡✺✷✽

❧❡❢�♠♦�� �❡❣✐♦♥ ✇❤✐❧❡ �❤❡ ▲▲ �♦❧✉�✐♦♥ ✐♠♣❧✐❡� �❤❛� �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡� ✐� ♣♦�✐�✐✈❡✳ ❚❤✐�✺✷✾

❞✐��✐♥❝�✐♦♥ ❜❡�✇❡❡♥ �❤❡ ◆▲ �♦❧✉�✐♦♥ ❛♥❞ �❤❡ ▲▲ �♦❧✉�✐♦♥� ❛�✐�❡� ❜❡❝❛✉�❡ �❤✐� ✐� �❤❡ �❡❣✐♦♥✺✸✵

✇❤❡�❡ ❛ ◆❡✇ ❩▲❇ ❡,✉✐❧✐❜�✐✉♠ ♦❝❝✉��✳ ❊✈❡♥ ✇❤❡♥ �❤❡ �✇♦ �♦❧✉�✐♦♥� ❤❛✈❡ �❤❡ �❛♠❡ �✐❣♥✱✺✸✶

�❤❡ ▲▲ �♦❧✉�✐♦♥ ❡①❤✐❜✐�� ❛♥ ✉♣✇❛�❞ ❜✐❛� ✐♥ �❤❡ �✐③❡ ♦❢ �❤❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡�✳ ❈♦♥�✐❞❡�✱✺✸✷

❢♦� ✐♥��❛♥❝❡✱ �❤❡ �❡❣✐♦♥ ✇✐�❤ ❛ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡,✉✐❧✐❜�✐✉♠✳ ❯�✐♥❣ �❤❡ ❜❛�❡❧✐♥❡ ✈❛❧✉❡ ♦❢✺✸✸

γ �❤❡ ▲▲ �♦❧✉�✐♦♥ ♦✈❡���❛�❡� �❤❡ ��✉❡ ♠✉❧�✐♣❧✐❡� ❜② 0.07 ✇❤❡♥ p = 0.7 ❛♥❞ ❜② 0.19 ✇❤❡♥✺✸✹

p = 0.8. ❚❤❡�❡ ❛♣♣�♦①✐♠❛�✐♦♥ ❜✐❛�❡� ❛�❡ ❧❛�❣❡ ❣✐✈❡♥ �❤❛� �❤❡ ♦✈❡�❛❧❧ �✐③❡ ♦❢ �❤❡ ◆▲ ❧❛❜♦�✺✸✺

�❛① ♠✉❧�✐♣❧✐❡� ✐� 0.08 ❛� p = 0.7 ❛♥❞ 0.47 ❛� p = 0.8✳✺✸✻

❲❡ ❛❧�♦ ✜♥❞ �❤❛� �❤❡ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡� ✐� �♠❛❧❧ ✐♥ ❧❛�❣❡ �❡❣✐♦♥� ♦❢ �❤❡ ♣❛✲✺✸✼

�❛♠❡�❡� �♣❛❝❡ ✇❤❡�❡❛� �❤❡ ♣�❡✈✐♦✉� ❧✐�❡�❛�✉�❡ ❤❛� ❝♦♥❝❧✉❞❡❞ �❤❛� ✐� ✐� ❧❛�❣❡✳ ❚❤✐� ❞✐✛❡�❡♥❝❡✺✸✽

✐� ♥♦� ❞✉❡ �♦ �❤❡ �♦❧✉�✐♦♥ ❛� ❝❛♥ ❜❡❡♥ �❡❡♥ ❜② ❝♦♠♣❛�✐♥❣ ❋✐❣✉�❡ ✼❜ ✇✐�❤ ❋✐❣✉�❡ ✼❞✳ ❚❤❡ �✇♦✺✸✾

�♦❧✉�✐♦♥� ♣�♦❞✉❝❡ ❛ �✐♠✐❧❛� ♣❛��❡�♥ ♦❢ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡�� ❡✈❡�②✇❤❡�❡ ❡①❝❡♣�✺✹✵

❢♦� ❛ �♠❛❧❧ �❛♥❣❡ ♦❢ p✬� �❤❛� ❛�❡ ❝❧♦�❡ �♦ �❤❡ ❛�②♠♣�♦�❡✳ ■♥��❡❛❞ ♦✉� ✜♥❞✐♥❣ ✐� ❞✉❡ �♦ �❤❡✺✹✶

✷✹



❢❛❝� �❤❛� ✇❡ ❡♥�❡	�❛✐♥ ❛ ❧❛	❣❡ 	❛♥❣❡ ♦❢ ✈❛❧✉❡� ♦❢ p✳ ❚❤❡ ❡①♣❡❝�❡❞ ❞✉	❛�✐♦♥ ♦❢ ③❡	♦ ✐♥�❡	❡��✺✹✷

	❛�❡� ✐� ❝	✉❝✐❛❧ ❢♦	 �❤❡ �✐③❡ ♦❢ �❤❡ ❣♦✈❡	♥♠❡♥� ♣✉	❝❤❛�❡ ♠✉❧�✐♣❧✐❡	✳ ❚❤✐� ♣♦✐♥� ✐� ❡❛�✐❡�� �♦✺✹✸

�❡❡ ✐❢ ♦♥❡ ❝♦♥�✐❞❡	� �❤❡ ✈❛❧✉❡� ♦❢ p ✉�❡❞ ✐♥ ♣	❡✈✐♦✉� 	❡�❡❛	❝❤✳ ❈❤	✐��✐❛♥♦ ❛♥❞ ❊✐❝❤❡♥❜❛✉♠✺✹✹

✭✷✵✶✷✮ �❡� p = 0.775 ❛♥❞ ❉❡♥❡� ❡� ❛❧✳ ✭✷✵✶✸✮ ✉�❡ ❛ ✈❛❧✉❡ ♦❢ p = 0.856. ❚❤❡✐	 ♠♦❞❡❧� ❛	❡ ❞✐❢✲✺✹✺

❢❡	❡♥� ❢	♦♠ ♦✉	�✱ ❜✉� ✐� ✐� ❝❧❡❛	 ❢	♦♠ ❋✐❣✉	❡ ✻❜ �❤❛� ✐♥ ♦✉	 ♠♦❞❡❧ �❤❡ ❣♦✈❡	♥♠❡♥� ♣✉	❝❤❛�❡✺✹✻

♠✉❧�✐♣❧✐❡	 ❝❛♥ ❛❧�♦ ❜❡ ❧❛	❣❡ ❢♦	 p✬� ♦❢ �❤❡�❡ ♠❛❣♥✐�✉❞❡�✳ ●✐✈❡♥ �❤❡ �✐③❡ ♦❢ �❤❡ ❝	❡❞✐❜✐❧✐�②✺✹✼

✐♥�❡	✈❛❧� �❤♦✉❣❤✱ ✐� ✐� ✐♠♣♦��✐❜❧❡ �♦ �❛② ✇❤❡�❤❡	 �❤❡ ❣♦✈❡	♥♠❡♥� ♣✉	❝❤❛�❡ ♠✉❧�✐♣❧✐❡	 ✐� ✈❡	②✺✹✽

❧❛	❣❡✱ ✈❡	② �♠❛❧❧ ♦	 ❡✈❡♥ ❧❛	❣❡ ❛♥❞ ♥❡❣❛�✐✈❡ ✐♥ �❤✐� 	❡❣✐♦♥ ♦❢ �❤❡ ♣❛	❛♠❡�❡	 �♣❛❝❡✳✺✹✾

✻✳ ❖❜❥❡❝�✐♦♥� ❛♥❞ �❡�♣♦♥�❡�✺✺✵

❲❡ ❤❛✈❡ ❢♦✉♥❞ �❤❛� ✐� ❝❛♥ ♠❛��❡	 ❤♦✇ ♦♥❡ �♦❧✈❡� �❤❡ ◆❑ ♠♦❞❡❧ ❛� �❤❡ ❩▲❇✳ ❯�✐♥❣✺✺✶

�❤❡ ◆▲ ❡0✉✐❧✐❜	✐✉♠ ❝♦♥❞✐�✐♦♥� �❤❡ ◆❑ ♠♦❞❡❧ ❡①❤✐❜✐�� ❢♦✉	 ❞✐��✐♥❝� �②♣❡� ♦❢ ❩▲❇ ❡0✉✐❧✐❜✲✺✺✷

	✐❛ ✇❤❡♥ ❝❛❧✐❜	❛�❡❞ �♦ �❤❡ ●❘ ❛♥❞ �❤❡ ▲▲ �♦❧✉�✐♦♥ ❝❛♥♥♦� ❞✐�❝❡	♥ �✇♦ ♦❢ �❤❡♠✳ ❋✐�❝❛❧✺✺✸

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

♠♦❞❡❧✬� ♣❛	❛♠❡�❡	�✳ ❙✉♣♣❧②✲�✐❞❡ ✜�❝❛❧ ��✐♠✉❧✉� ♠❛② ❜❡ ❡①♣❛♥�✐♦♥❛	② ❛� �❤❡ ❩▲❇ ❛♥❞ �❤❡✺✺✺

❣♦✈❡	♥♠❡♥� ♣✉	❝❤❛�❡ ♠✉❧�✐♣❧✐❡	 ♠❛② ❜❡ ❝❧♦�❡ �♦ ♦	 ❡✈❡♥ ❧❡�� �❤❛♥ ♦♥❡✳ ❲❡ ♥♦✇ �✉	♥ �♦✺✺✻

❞✐�❝✉�� ♣♦�❡♥�✐❛❧ ♦❜❥❡❝�✐♦♥� �♦ �❤❡�❡ ✜♥❞✐♥❣�✳✺✺✼

✻✳✶✳ ❈❛❧✈♦ ♣
✐❝❡ ❛❞❥✉��♠❡♥�✺✺✽

❖✉	 ❛♥❛❧②�✐� ❤❛� ✉�❡❞ ❘♦�❡♠❜❡	❣ ♣	✐❝❡ �❡��✐♥❣✳ ❲❡ ❜❡❧✐❡✈❡ �❤❛� ♦✉	 ✜♥❞✐♥❣ �❤❛� �❤❡ ▲▲✺✺✾

�♦❧✉�✐♦♥ ❢❛✐❧� ❛� �❤❡ ❩▲❇ ✐� ♥♦� �♣❡❝✐✜❝ �♦ �❤❡ ❢♦	♠ ♦❢ ❝♦��❧② ♣	✐❝❡ ❛❞❥✉��♠❡♥�✳ ❆� ❞❡�❝	✐❜❡❞✺✻✵

❛❜♦✈❡ ♣	✐❝❡ ❞✐�♣❡	�✐♦♥ ✉�✐♥❣ ❈❛❧✈♦ ♣	✐❝❡ �❡��✐♥❣ ❛❧�♦ 	❡❞✉❝❡� �❤❡ 	❡�♦✉	❝❡� �❤❛� ❛	❡ ❛✈❛✐❧❛❜❧❡✺✻✶

❢♦	 ♣	✐✈❛�❡ ❛♥❞ ♣✉❜❧✐❝ ❝♦♥�✉♠♣�✐♦♥✳ ■♥ ♣❛	�✐❝✉❧❛	✱ ✐❢ ❈❛❧✈♦ ♣	✐❝❡ �❡��✐♥❣ ✐� ✉�❡❞ ✐♥��❡❛❞✺✻✷

�❤❡ �❡	♠ κ ✐♥ �❤❡ 	❡�♦✉	❝❡ ❝♦♥��	❛✐♥� ❜❡❝♦♠❡� κt ≡ (xt − 1)/xt ✇❤❡	❡ xt �✉♠♠❛	✐③❡� �❤❡✺✻✸

	❡❧❛�✐✈❡ ♣	✐❝❡ ❞✐�♣❡	�✐♦♥ ❞❡�❝	✐❜❡❞ ✐♥ ❨✉♥ ✭✷✵✵✺✮✳✺✻✹

❯♥❢♦	�✉♥❛�❡❧②✱ xt ✐� ❛♥ ❡♥❞♦❣❡♥♦✉� ��❛�❡ ✈❛	✐❛❜❧❡ ❛♥❞ ❝♦♠♣✉�✐♥❣ ❩▲❇ ❡0✉✐❧✐❜	✐❛ ✐♥ �❤✐�✺✻✺

�✐�✉❛�✐♦♥ ✐� ❝♦♥�✐❞❡	❛❜❧② ♠♦	❡ ❝♦♠♣❧✐❝❛�❡❞✳ ❚♦ ❣✐✈❡ �❤❡ 	❡❛❞❡	 ❛♥ ✐♥❞✐❝❛�✐♦♥ ❛❜♦✉� ✇❤❛�✺✻✻

♠✐❣❤� ❤❛♣♣❡♥ ✉♥❞❡	 ❈❛❧✈♦ ♣	✐❝❡ ❛❞❥✉��♠❡♥� ❙❡❝�✐♦♥ ❇ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ❞❡	✐✈❡�✺✻✼

✷✺



�❡�✉❧�� ❢♦� ❛ ��②❧✐③❡❞ ❜✉� ��❛❝�❛❜❧❡ ♠♦❞❡❧ ✇✐�❤ ❈❛❧✈♦ ♣�✐❝❡ ❛❞❥✉��♠❡♥�✳ ■♥ �❤✐� ♠♦❞❡❧ xt✺✻✽

✐� ♦♥❧② ❛❧❧♦✇❡❞ �♦ �❛❦❡ ♦♥ �✇♦ ❞✐��✐♥❝� ✈❛❧✉❡�✿ xt = xL ✐♥ ��❛�❡ L ❛♥❞ xt = 1 ✐♥ ��❛�❡ H✳✺✻✾

❚❤✐� ❛��✉♠♣�✐♦♥ ✐� ✈❛❧✐❞ ✐❢ �❤❡ ▲▲ �♦❧✉�✐♦♥ ✐� ❛❝❝✉�❛�❡ ❜❡❝❛✉�❡ xt ✐� ❝♦♥��❛♥� ❛� ♦♥❡ ✇❤❡♥✺✼✵

❧♦❣❧✐♥❡❛�✐③❡❞ ❛�♦✉♥❞ �❤❡ ③❡�♦ ✐♥✢❛�✐♦♥ ��❡❛❞② ��❛�❡✳✺✼✶

❋✐❣✉�❡ ✽ ❝♦♠♣❛�❡� �❤❡ ❆❉ ❛♥❞ ❆❙ �❝❤❡❞✉❧❡� ✉♥❞❡� �❤✐� ✈❡��✐♦♥ ♦❢ ❈❛❧✈♦ ♣�✐❝✐♥❣ ✇✐�❤✺✼✷

�❤❡ ❜❛�❡❧✐♥❡ ♠♦❞❡❧ ✉�✐♥❣ ❛ ✈❛❧✉❡ ♦❢ p = 0.4✳ ❚❤❡ ✜❣✉�❡ �❤♦✇� �❤❛� �❤❡ �✇♦ ♠♦❞❡❧� ♦❢✺✼✸

♣�✐❝❡ ❛❞❥✉��♠❡♥� ❛�❡ ❛❧♠♦�� ✐♥❞✐��✐♥❣✉✐�❤❛❜❧❡ ✐♥ �❤❡ ♥❡✐❣❤❜♦�❤♦♦❞ ♦❢ �❤❡ ❡&✉✐❧✐❜�✐✉♠✳ ■♥✺✼✹

♣❛��✐❝✉❧❛�✱ �❤❡ ❡&✉✐❧✐❜�✐✉♠ ✉�✐♥❣ ❈❛❧✈♦ ♣�✐❝✐♥❣ ✐� ❛❧�♦ ❛ ◆❡✇ ❩▲❇ ❡&✉✐❧✐❜�✐✉♠✳ ❙❡❝�✐♦♥✺✼✺

❇ ♦❢ �❤❡ ♦♥❧✐♥❡ ❆♣♣❡♥❞✐① ✐❧❧✉���❛�❡� �❤❛� �❤✐� ✈❡��✐♦♥ ♦❢ �❤❡ ❈❛❧✈♦ ♣�✐❝✐♥❣ ❛❧�♦ ❤❛� ✈❡�②✺✼✻

�✐♠✐❧❛� ♣�♦♣❡��✐❡� �♦ ❘♦�❡♠❜❡�❣ ❛� ❤✐❣❤❡� ✈❛❧✉❡� ♦❢ p✳ ❋♦� ✐♥��❛♥❝❡✱ �❤❡ ❡&✉✐❧✐❜�✐✉♠ ✐�✺✼✼

❛❧�♦ ❛ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡&✉✐❧✐❜�✐✉♠ ✇❤❡♥ p = 0.8 ❛♥❞ ❛ ❙✉♥�♣♦� ❩▲❇ ❡&✉✐❧✐❜�✐✉♠ ✇❤❡♥✺✼✽

p = 0.9.✶✽✺✼✾

✻✳✷✳ ❙✐③❡ ♦❢ 
❤❡ �❤♦❝❦�✺✽✵

❲❡ ❤❛✈❡ ❝❤♦�❡♥ �❤❡ �❤♦❝❦� �♦ �❤❛� �❤❡ ♠♦❞❡❧ �❡♣�♦❞✉❝❡� �❤❡ ●❘ ❞❡❝❧✐♥❡� ✐♥ ♦✉�♣✉�✺✽✶

❛♥❞ ✐♥✢❛�✐♦♥ ❢♦� ❡❛❝❤ ❝❤♦✐❝❡ ♦❢ p. ❚❤❡ �✐③❡ ❛♥❞ �✐❣♥� ♦❢ �❤❡ �❡�✉❧�✐♥❣ �❤♦❝❦� ♠❛② ❤❛✈❡✺✽✷

✐♠♣❧✐❝❛�✐♦♥� ❢♦� �❤❡ ♣❧❛✉�✐❜✐❧✐�② ♦❢ ❛ ♣❛��✐❝✉❧❛� �❡❣✐♦♥ ♦❢ �❤❡ ♣❛�❛♠❡�❡� �♣❛❝❡✳ ❋✐❣✉�❡ ✾✺✽✸

❞✐�♣❧❛②� �❤❡ ✈❛❧✉❡� ♦❢ dL ❛♥❞ zL ❢♦� �❤❡ ❜❛�❡❧✐♥❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧✳✺✽✹

◆♦�✐❝❡ �❤❛� ❧♦✇ ✈❛❧✉❡� ♦❢ p �❤❛� ❛�❡ ❛�♦✉♥❞ ✵✳✹ ♦� ❧❡�� �❡&✉✐�❡ ♣♦�✐�✐✈❡ �❡❝❤♥♦❧♦❣②✺✽✺

�❤♦❝❦� ❛♥❞ ❧❛�❣❡ ✈❛❧✉❡� ♦❢ dL �♦ �❡♣�♦❞✉❝❡ �❤❡ ●❘ �❛�❣❡��✳ ❆ ♣♦�✐�✐✈❡ �❡❝❤♥♦❧♦❣② �❤♦❝❦✺✽✻

❞♦❡� ♥♦� ♣❧❛② ❛ ❝❡♥��❛❧ �♦❧❡ ✐♥ ♦✉� ✜♥❞✐♥❣�✳ ❙❡❝�✐♦♥ ❆✳✷ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① �❡♣❡❛��✺✽✼

♦✉� ❛♥❛❧②�✐�✱ ❤♦❧❞✐♥❣ �❡❝❤♥♦❧♦❣② ✜①❡❞ ❛♥❞ ✈❛�✐❡� θ ✐♥��❡❛❞✳ ❚❤❡ �✐③❡ ♦❢ �❤❡ �❡❣✐♦♥� ✇✐�❤✺✽✽

�♠❛❧❧ ❛♥❞ ♦��❤♦❞♦① ✜�❝❛❧ ♠✉❧�✐♣❧✐❡�� ✐♥❝�❡❛�❡�✳✺✽✾

❆ �❡❝♦♥❞ ♣�♦♣❡��② ♦❢ ❋✐❣✉�❡ ✾ ✐� �❤❛� ❛ ✈❡�② ❧❛�❣❡ ✈❛❧✉❡ ♦❢ �❤❡ ♣�❡❢❡�❡♥❝❡ �❤♦❝❦ ✐� �❡&✉✐�❡❞✺✾✵

✶✽❚♦ ❞�❛✇ �❤❡ ❆❙ ❛♥❞ ❆❉ �❝❤❡❞✉❧❡� ✇✐�❤ ❈❛❧✈♦ ♣�✐❝✐♥❣✱ �❤❡ ♣�♦❜❛❜✐❧✐�② �❤❛� ❛ ✜�♠ ✐� ✉♥❛❜❧❡ �♦ ❝❤❛♥❣❡
✐�� ♣�✐❝❡ ✭α✮ ✐� ❝❛❧✐❜�❛�❡❞ �✉❝❤ �❤❛� slope(NKPC) ✐� �❤❡ �❛♠❡ ❛� ✐♥ �❤❡ ❘♦�❡♠❜❡�❣ ♠♦❞❡❧ ✇✐�❤ ♦✉� ❜❛�❡❧✐♥❡
♣❛�❛♠❡�❡�✐③❛�✐♦♥✳ ❚❤❡ ✐♠♣❧✐❡❞ ✈❛❧✉❡ ✐� α = 0.88✳ ■♥ �❤❡ ❘♦�❡♠❜❡�❣ ♠♦❞❡❧✱ slope(NKPC) = θ(σ + ν)/γ
✇❤✐❧❡ ✐♥ �❤❡ ❈❛❧✈♦ ♠♦❞❡❧ slope(NKPC) = (1− α)(1− βα)(σ + ν)/α✳

✷✻



�♦ �❡♣�♦❞✉❝❡ ❛ ✼✪ ❞❡❝❧✐♥❡ ✐♥ ●❉� ✇❤❡♥ �❤❡ ❡①♣❡❝�❡❞ ❞✉�❛�✐♦♥ ♦❢ ��❛�❡ L ✐� ✈❡�② �❤♦��✳ ❋♦�✺✾✶

✐♥��❛♥❝❡✱ ❛� p = 0.4 ❛ ✈❛❧✉❡ ♦❢ dL = 1.0445 ✐� ♥❡❡❞❡❞ ✉�✐♥❣ �❤❡ ❜❛�❡❧✐♥❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥✳✺✾✷

❚❤✐� ❝♦��❡�♣♦♥❞� �♦ ❛ ✶✾✪ ❛♥♥✉❛❧✐③❡❞ ✐♥❝�❡❛�❡ ✐♥ �❤❡ ♣�❡❢❡�❡♥❝❡ ❞✐�❝♦✉♥� ❢❛❝�♦�✳ ❚❤❡ �✐♠♣❧❡✺✾✸

◆❑ ♠♦❞❡❧ ❝♦♥�✐❞❡�❡❞ ❤❡�❡ ✐� ♥♦� �✐❝❤ ❡♥♦✉❣❤ �♦ ♣�♦✈✐❞❡ ❛ ❝♦♠♣�❡❤❡♥�✐✈❡ ❡①♣❧❛♥❛�✐♦♥ ❢♦�✺✾✹

✇❤❛� ❝❛✉�❡❞ �❤❡ ●❘ ❛♥❞ ❤♦✇ ❧♦♥❣ ♣❡♦♣❧❡ ❡①♣❡❝�❡❞ �❤❡ ♥♦♠✐♥❛❧ �❛�❡ �♦ ❜❡ ③❡�♦✳ ❇✉�✱ ✐�✺✾✺

✐� ♥♦� �✉�♣�✐�✐♥❣ �❤❛� ❛ ❜✐❣ �❤♦❝❦ ✐� ♥❡❡❞❡❞ �♦ ♣�♦❞✉❝❡ ❛ ❧❛�❣❡ ❞❡❝❧✐♥❡ ✐♥ ♦✉�♣✉� ✇❤❡♥ �❤❡✺✾✻

❡①♣❡❝�❡❞ ❞✉�❛�✐♦♥ ♦❢ �❤❡ ❩▲❇ �❤♦❝❦ ✐� ♦♥❧② ❛❜♦✉� ✷✳✺ ,✉❛��❡��✳✺✾✼

✻✳✸✳ ❖�❤❡� ♣❛�❛♠❡�❡�✐③❛�✐♦♥�✺✾✽

❚❤❡ ❛♥❛❧②�✐� ❧✐♠✐�❡❞ ❛��❡♥�✐♦♥ �♦ ♣�❡❢❡�❡♥❝❡� ✇✐�❤ ❧♦❣ ✉�✐❧✐�② ♦✈❡� ❝♦♥�✉♠♣�✐♦♥✳ ❆✺✾✾

❤✐❣❤❡� ✈❛❧✉❡ ♦❢ σ �❡❞✉❝❡� �❤❡ �✐③❡ ♦❢ �❤❡ �❡❣✐♦♥ ✇❤❡�❡ ❛ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡,✉✐❧✐❜�✐✉♠✻✵✵

♦❝❝✉�� ❛♥❞ ✐♥❝�❡❛�❡� �❤❡ �✐③❡ ♦❢ �❤❡ �❡❣✐♦♥ ✇✐�❤ ❛ ◆❡✇ ❩▲❇ ❡,✉✐❧✐❜�✐✉♠✳ ❚♦ ✉♥❞❡���❛♥❞✻✵✶

✇❤② �❤✐� ♦❝❝✉�� �✉♣♣♦�❡ �❤❛� �❤❡ ❡❝♦♥♦♠② ✐� ✐♥ ❛ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡,✉✐❧✐❜�✐✉♠ �♦ �❤❛�✻✵✷

slope(AD) > slope(AS) > 0. ❚❤❡♥ ♥♦�❡ ❢�♦♠ ❡,✉❛�✐♦♥ ✭✶✹✮ �❤❛� ✐♥❝�❡❛�✐♥❣ σ ❛❝�� �♦ �♦�❛�❡✻✵✸

slope(AD) �♦ �❤❡ ❧❡❢� ✉♥�✐❧ ✐� ❡✈❡♥�✉❛❧❧② �✉�♥� ♥❡❣❛�✐✈❡✳ ❚❤✉�✱ ✇❤❡♥ σ ✐� ✐♥❝�❡❛�❡❞ ❧❛❜♦�✻✵✹

�✉♣♣❧② �❡�♣♦♥�❡� �♦ �✉♣♣❧②✲�✐❞❡ ��✐♠✉❧✉� ❛�❡ ♦��❤♦❞♦① ❛♥❞ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡��✻✵✺

❛�❡ �♠❛❧❧ ✐♥ ❛ ❧❛�❣❡� �❡❣✐♦♥ ♦❢ �❤❡ ♣❛�❛♠❡�❡� �♣❛❝❡✳✶✾✻✵✻

■� ✐� ❛❧�♦ ♣♦��✐❜❧❡ �❤❛� ✈❛❧✉❡� ♦❢ ♦�❤❡� ♣❛�❛♠❡�❡�� �❤❛� ✇❡�❡ ❤❡❧❞ ✜①❡❞ ♠❛��❡�✳ ■♥✻✵✼

❙❡❝�✐♦♥ ❆ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ✇❡ �❡♣♦�� ❛❞❞✐�✐♦♥❛❧ �❡�✉❧�� �❤❛� ❛�❡ ❞❡�✐❣♥❡❞ �♦ ❛❞✲✻✵✽

❞�❡�� �❤✐� ❝♦♥❝❡�♥✳ ❙❡❝�✐♦♥ ❆✳✸ �❡♣♦��� �❡�✉❧�� ✉�✐♥❣ ♣❛�❛♠❡�❡�✐③❛�✐♦♥� ❛❧♦♥❣ �❤❡ ❧✐♥❡� ♦❢✻✵✾

❈❤�✐��✐❛♥♦ ❛♥❞ ❊✐❝❤❡♥❜❛✉♠ ✭✷✵✶✷✮✳ ❚❤❡✐� ♣❛�❛♠❡�❡�✐③❛�✐♦♥ ✐♠♣❧✐❡� ❛ ♠✉❝❤ ❧❛�❣❡� ✈❛❧✉❡✻✶✵

♦❢ slope(NKPC) ❝♦♠♣❛�❡❞ �♦ ✇❤❛� ✇❡ ❤❛✈❡ ❝♦♥�✐❞❡�❡❞ ❤❡�❡✳ ❙❡❝�✐♦♥ ❆✳✹ �❡♣♦��� �❡�✉❧��✻✶✶

✉�✐♥❣ ♣❛�❛♠❡�❡�✐③❛�✐♦♥� ❛❧♦♥❣ �❤❡ ❧✐♥❡� ♦❢ ❉❡♥❡� ❡� ❛❧✳ ✭✷✵✶✸✮✳ ❚❤❡✐� ❡��✐♠❛�❡� ♦❢ θ ❛♥❞ ν✻✶✷

❛�❡ ♠✉❝❤ ❧❛�❣❡� �❤❛♥ ♦✉�� ❛♥❞ ②❡� �❤❡✐� ✈❛❧✉❡ ♦❢ slope(NKPC) ✐� ✈❡�② �♠❛❧❧✳ ❲❡ ❝♦♥�✐♥✉❡✻✶✸

�♦ ✜♥❞ �❡❣✐♦♥� ♦❢ �❤❡ ♣❛�❛♠❡�❡� �♣❛❝❡ �❤❛� ❤❛✈❡ �♠❛❧❧ ❣♦✈❡�♥♠❡♥� ♣✉�❝❤❛�❡ ♠✉❧�✐♣❧✐❡�� ❛♥❞✻✶✹

♥❡❣❛�✐✈❡ ❧❛❜♦� �❛① ♠✉❧�✐♣❧✐❡�� ✉�✐♥❣ ❡✐�❤❡� ♦❢ �❤❡�❡ ❛❧�❡�♥❛�✐✈❡ ♣❛�❛♠❡�❡�✐③❛�✐♦♥�✳ �❡�❤❛♣�✻✶✺

✶✾❋♦� ✐♥��❛♥❝❡✱ �❡��✐♥❣ σ = 2 ❛♥❞ ✉�✐♥❣ �❤❡ ❜❛�❡❧✐♥❡ ✈❛❧✉❡ ♦❢ γ �❤❡�❡ ✐� ❛ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✇✐�❤

slope(AD) < 0 ❢♦� ❛❧❧ p ≤ 0.725. ❙❡❡ ❙❡❝�✐♦♥ ❆✳✶ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ❢♦� ♠♦�❡ ❞❡�❛✐❧�✳

✷✼



�❤❡ ♠♦�� ✐♠♣♦	�❛♥� ♥❡✇ ✜♥❞✐♥❣ ✐� �❤❛� ♠✉❧�✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜	✐❛ ♦❝❝✉	 ❝❛♥ ✐♥ ♠✉❝❤ ❧❛	❣❡	✻✶✻

	❡❣✐♦♥� ♦❢ �❤❡ ♣❛	❛♠❡�❡	 �♣❛❝❡ ❛♥❞✱ ✐♥ ♣❛	�✐❝✉❧❛	✱ ✐♥ 	❡❣✐♦♥� ✇❤❡	❡ p ✐� ✈❡	② �♠❛❧❧ ✭�❡❡✻✶✼

❋✐❣✉	❡� ✽ ❛♥❞ ✶✶ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐①✮✳✻✶✽

❖✉	 ✜♥❞✐♥❣ �❤❛� �❤❡ ▲▲ �♦❧✉�✐♦♥ ✇♦	❦� ✇❡❧❧ ✇❤❡♥ ❝♦♠♣✉�✐♥❣ �❤❡ ❣♦✈❡	♥♠❡♥� ♣✉	❝❤❛�❡✻✶✾

♠✉❧�✐♣❧✐❡	 ❞❡♣❡♥❞� ♦♥ �❤❡ �✐③❡ ♦❢ �❤❡ �❤♦❝❦�✳ ❚❤❡ ▲▲ �♦❧✉�✐♦♥ ❡①❤✐❜✐�� ♠✉❝❤ ❧❛	❣❡	 ❛♣✲✻✷✵

♣	♦①✐♠❛�✐♦♥ ❜✐❛�❡� ✐❢ �❤❡ �❤♦❝❦� ❛	❡ ❝❛❧✐❜	❛�❡❞ �♦ ♦❜�❡	✈❛�✐♦♥� ❢	♦♠ �❤❡ ●	❡❛� ❉❡♣	❡��✐♦♥✻✷✶

✐♥��❡❛❞ ✭�❡❡ ❙❡❝�✐♦♥ ❆✳✺ ✐♥ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ❢♦	 ♠♦	❡ ❞❡�❛✐❧�✮✳✻✷✷

✻✳✹✳ ❊�✉✐❧✐❜
✐✉♠ �❡❧❡❝�✐♦♥✻✷✸

■♥ �✐�✉❛�✐♦♥� ✇✐�❤ ♠✉❧�✐♣❧❡ ❡�✉✐❧✐❜	✐❛✱ ✇❡ ❤❛✈❡ ❛❞♦♣�❡❞ �❤❡ ❝♦♥✈❡♥�✐♦♥ ♦❢ 	❡♣♦	�✐♥❣ �❤❡✻✷✹

�❛	❣❡�❡❞ ❩▲❇ ❡�✉✐❧✐❜	✐✉♠ �❤❛� 	❡♣	♦❞✉❝❡� �❤❡ ●❘ ❝❛❧✐❜	❛�✐♦♥ �❛	❣❡�✳ ■� �❤✐� ❛ 	❡❛�♦♥❛❜❧❡✻✷✺

✇❛② �♦ ♣	♦❝❡❡❞❄ ❈❤	✐��✐❛♥♦ ❛♥❞ ❊✐❝❤❡♥❜❛✉♠ ✭✷✵✶✷✮ ♣	♦♣♦�❡ ✉�✐♥❣ ❛♥ ❊✲❧❡❛	♥✐♥❣ ❝	✐�❡	✐♦♥✻✷✻

�♦ 	✉❧❡ ♦✉� ♠✉❧�✐♣❧❡ ❡�✉✐❧✐❜	✐❛ ✐♥��❡❛❞✳✻✷✼

❖✉	 ❜❛�✐❝ ❝♦♥❝❧✉�✐♦♥� ❛❜♦✉� �❤❡ ♣♦��✐❜✐❧✐�② ♦❢ �♠❛❧❧ ❛♥❞ ♦	�❤♦❞♦① ✜�❝❛❧ ♠✉❧�✐♣❧✐❡	�✻✷✽

❝♦♥�✐♥✉❡ �♦ ♦❜�❛✐♥ ✇❤❡♥ ♦♥❡ ✉�❡� �❤❡ ❈❤	✐��✐❛♥♦ ❛♥❞ ❊✐❝❤❡♥❜❛✉♠ ✭✷✵✶✷✮ ❊✲❧❡❛	♥✐♥❣ ❡�✉✐✲✻✷✾

❧✐❜	✐✉♠ �❡❧❡❝�✐♦♥ ❝	✐�❡	✐♦♥✳ ❚❤❡ �✐③❡ ♦❢ �❤❡ ❣♦✈❡	♥♠❡♥� ♣✉	❝❤❛�❡ ♠✉❧�✐♣❧✐❡	 ❝❛♥ ❜❡ �♠❛❧❧✻✸✵

❡✈❡♥ ✐❢ ♦♥❡ 	❡��	✐❝�� ❛��❡♥�✐♦♥ �♦ �❤❡ ❈♦♥✈❡♥�✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜	✐✉♠ ✇❤✐❝❤ ✐� ❊✲��❛❜❧❡✳ ❋♦	✻✸✶

✐♥��❛♥❝❡✱ ✐� ✐� ❧❡�� �❤❛♥ ✶✳✶ ❢♦	 p ∈ [0.6, 0.8] ❢♦	 �❤❡ ❜❛�❡❧✐♥❡ ♣❛	❛♠❡�❡	✐③❛�✐♦♥✳ ❚❤❡ ◆❡✇✻✸✷

❩▲❇ ❡�✉✐❧✐❜	✐✉♠ ✐� ❛❧�♦ ❊✲��❛❜❧❡✳ ❚❤✉�✱ ✇❡ ❝♦♥�✐♥✉❡ �♦ ✜♥❞ �❤❛� ❡♠♣❧♦②♠❡♥� ♠❛② ✐♥❝	❡❛�❡✻✸✸

✇❤❡♥ �❤❡ ❧❛❜♦	 �❛① ✐� ❝✉� ❛� �❤❡ ❩▲❇✳✻✸✹

❖✉	 ❝❛❧✐❜	❛�✐♦♥ ��	❛�❡❣② ❝❛♥ ❜❡ ✐♥�❡	♣	❡�❡❞ ❛� ❛♥ ❡�✉✐❧✐❜	✐✉♠ �❡❧❡❝�✐♦♥ ❝	✐�❡	✐♦♥ ❛♥❞✻✸✺

�❤❡	❡ ❛	❡ �♦♠❡ ✐♠♣♦	�❛♥� ❞✐✛❡	❡♥❝❡� ❜❡�✇❡❡♥ �❤❡ �✇♦ ❝	✐�❡	✐❛✳ ❖✉	 ��	❛�❡❣② ❛❧✇❛②� �❡❧❡❝��✻✸✻

❛ �✐♥❣❧❡ ❡�✉✐❧✐❜	✐✉♠✳ ❍♦✇❡✈❡	✱ �❤❡ ❊✲❧❡❛	♥✐♥❣ ❝	✐�❡	✐♦♥ �♦♠❡�✐♠❡� �❡❧❡❝�� �✇♦ ❡�✉✐❧✐❜	✐❛✳✻✸✼

❋♦	 ✐♥��❛♥❝❡✱ ♦✉	 ♠♦❞❡❧ ❤❛� �❤	❡❡ ❡�✉✐❧✐❜	✐❛ ❛♥❞ �✇♦ ♦❢ �❤❡�❡ ❡�✉✐❧✐❜	✐❛ ❛	❡ ❊✲��❛❜❧❡ ✉�✐♥❣✻✸✽

♦✉	 ❜❛�❡❧✐♥❡ ♣❛	❛♠❡�❡	✐③❛�✐♦♥ ✇✐�❤ p ∈ [0.855, 0.89]✳✻✸✾

❆ �❡❝♦♥❞ ❞✐✛❡	❡♥❝❡ ✐� �❤❛� ♦✉	 ❝	✐�❡	✐♦♥ ❛❧✇❛②� �❡❧❡❝�� ❛♥ ❡♠♣✐	✐❝❛❧❧② 	❡❧❡✈❛♥� ❡�✉✐✲✻✹✵

❧✐❜	✐✉♠✳ ❚❤❡ ❊✲❧❡❛	♥✐♥❣ ❝	✐�❡	✐♦♥✱ ✐♥ ❝♦♥�	❛��✱ �♦♠❡�✐♠❡� �❡❧❡❝�� �❤❡ ♥♦♥✲�❛	❣❡�❡❞ ❩▲❇✻✹✶

❡�✉✐❧✐❜	✐✉♠ ❛♥❞ 	❡❥❡❝�� �❤❡ �❛	❣❡�❡❞ ❩▲❇ ❡�✉✐❧✐❜	✐✉♠✳ ❋♦	 ✐♥��❛♥❝❡✱ ✇❤❡♥ p = 0.89✱ �❤❡ ❊✲✻✹✷
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��❛❜❧❡ ❩▲❇ ❡
✉✐❧✐❜✐✉♠ ♣♦❞✉❝❡� ❛ ✷✾✪ ❞❡❝❧✐♥❡ ✐♥ ●❉� ❛♥❞ ❛♥ ❛♥♥✉❛❧✐③❡❞ ❛�❡ ♦❢ ❞❡✢❛�✐♦♥✻✹✸

♦❢ ✶✻✪✳✻✹✹

❋✐♥❛❧❧②✱ ❛♣♣❧②✐♥❣ �❤❡ ❊✲❧❡❛♥✐♥❣ ❝✐�❡✐♦♥ �♦ ♦✉ ♠♦❞❡❧ ✉❧❡� ♦✉� ❛❧❧ ❩▲❇ ❡
✉✐❧✐❜✐❛ �❤❛�✻✹✺

❛��✐❣♥ ♠♦❡ �❤❛♥ ✹✳✺✪ ♣♦❜❛❜✐❧✐�② �♦ ❛♥ ❡♣✐�♦❞❡ ♦❢ ③❡♦ ✐♥�❡❡�� ❛�❡� �❤❛� ❧❛��� �❡✈❡♥✻✹✻

②❡❛�✳ ❊♣✐�♦❞❡� ♦❢ ③❡♦ ✐♥�❡❡�� ❛�❡� ♦❜�❡✈❡❞ ✐♥ �❤❡ ❯✳❙✳ ❛♥❞ ♦�❤❡ ❝♦✉♥�✐❡� �✉❝❤ ❛�✻✹✼

❏❛♣❛♥✱ ❙✇✐�③❡❧❛♥❞ ❛♥❞ �❤❡ ❯✳❑✳ ❛❡ �❤❡♥ ❛ ♣✉③③❧❡ ❢♦♠ �❤❡ ♣❡�♣❡❝�✐✈❡ ♦❢ �❤❡ ◆❑ ♠♦❞❡❧✻✹✽

✉♥❞❡ ❊✲❧❡❛♥✐♥❣✳✻✹✾

✼✳ ❈♦♥❝❧✉	✐♦♥✻✺✵

❍♦✇ ♦♥❡ �♦❧✈❡� �❤❡ ◆❑ ♠♦❞❡❧ ♠❛��❡� ✇❤❡♥ ♠♦❞❡❧✐♥❣ �❤❡ ❩▲❇✳ ❲❡ ❤❛✈❡ ❞♦❝✉♠❡♥�❡❞✻✺✶

❛ ❛♥❣❡ ♦❢ ❛♣♣♦①✐♠❛�✐♦♥ ❜✐❛�❡� ✐♥ ▲▲ �♦❧✉�✐♦♥�✳ ❚❤❡�❡ ❜✐❛�❡� ❝❛♥ ❞✐��♦� ✐♥❢❡❡♥❝❡� ❛❜♦✉�✻✺✷

�❤❡ ❡✛❡❝�� ♦❢ ✜�❝❛❧ ��✐♠✉❧✉� ❛� �❤❡ ❩▲❇✳ ❙♦♠❡ ♣❛❛♠❡�❡✐③❛�✐♦♥� ♦❢ ♦✉ ♠♦❞❡❧ �✉♣♣♦�✻✺✸

�❤❡ ❝♦♥✈❡♥�✐♦♥❛❧ ✈✐❡✇ �❤❛� �✉♣♣❧②✲�✐❞❡ ✜�❝❛❧ ♣♦❧✐❝✐❡� �❤♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞ ✐♥ ❧♦✇ ✐♥�❡❡�� ❛�❡✻✺✹

❡♥✈✐♦♥♠❡♥�� ❛♥❞ �❤❛� ❞❡♠❛♥❞✲�✐❞❡ ♣♦❧✐❝✐❡� �❤♦✉❧❞ ❜❡ ❡❧✐❡❞ ♦♥ ✐♥��❡❛❞✳ ❍♦✇❡✈❡✱ �✇♦ ♦❢✻✺✺

�❤❡ ♣✐♥❝✐♣❛❧ ❛❣✉♠❡♥�� ✉♥❞❡❧②✐♥❣ �❤✐� ❝♦♥�❡♥�✐♦♥ ✭❧❛❜♦ �❛① ❝✉�� ❛❡ ❝♦♥�❛❝�✐♦♥❛② ❛♥❞✻✺✻

�❤❡ ❣♦✈❡♥♠❡♥� ♣✉❝❤❛�❡ ♠✉❧�✐♣❧✐❡ ✐� ❧❛❣❡✮ ❛❡ ♥♦� ♦❜✉��✳ ❖�❤❡ ❡♠♣✐✐❝❛❧❧② ❡❧❡✈❛♥� ♣❛✲✻✺✼

❛♠❡�❡✐③❛�✐♦♥� ♦❢ �❤❡ �❛♠❡ ◆❑ ♠♦❞❡❧ ❤❛✈❡ ♠✉❝❤ �♠❛❧❧❡ ❣♦✈❡♥♠❡♥� ♣✉❝❤❛�❡ ♠✉❧�✐♣❧✐❡�✻✺✽

❛♥❞ ❛❧�♦ ♣♦✈✐❞❡ ❛ ❛�✐♦♥❛❧❡ ❢♦ �✉♣♣❧②✲�✐❞❡ ♠❡❛�✉❡� �✉❝❤ ❛� ❛ ❧❛❜♦ �❛① ❝✉�✳ ❙♦❧✈✐♥❣ �❤❡✻✺✾

◆❑ ♠♦❞❡❧ ✉�✐♥❣ ♥♦♥❧✐♥❡❛ ♠❡�❤♦❞� ♣❧❛②� ❛♥ ❡��❡♥�✐❛❧ ♦❧❡ ✐♥ ❡❛❝❤✐♥❣ �❤❡�❡ ❝♦♥❝❧✉�✐♦♥�✳✻✻✵

❖✉ ♠❡��❛❣❡ �❤❛� �✉♣♣❧②✲�✐❞❡ ��✐♠✉❧✉� ❝❛♥ ❜❡ ❡①♣❛♥�✐♦♥❛② ❛� �❤❡ ❩▲❇ ❤❛� ✐♠♣❧✐❝❛�✐♦♥�✻✻✶

❢♦ ♦�❤❡ �✉♣♣❧② �❤♦❝❦�✳ ❋♦ ✐♥��❛♥❝❡✱ ❈❤✐��✐❛♥♦ ❡� ❛❧✳ ✭✷✵✶✶✮ ✜♥❞ �❤❛� �❤❡ ❡�♣♦♥�❡ ♦❢✻✻✷

♦✉�♣✉� �♦ ❛♥ ✐♠♣♦✈❡♠❡♥� ✐♥ �❡❝❤♥♦❧♦❣② ✐� ❝♦♥�❛❝�✐♦♥❛② ❛� �❤❡ ❩▲❇✳ ❚❤✐� ✜♥❞✐♥❣ ✉♥�✻✻✸

❝♦✉♥�❡ �♦ ❡♠♣✐✐❝❛❧ ❡✈✐❞❡♥❝❡ ✐♥ ❲✐❡❧❛♥❞ ✭✷✵✶✺✮ �❤❛� �✉❣❣❡��� ✐♠♣♦✈❡♠❡♥�� ✐♥ �❡❝❤♥♦❧♦❣②✻✻✹

❛❡ ❛❧�♦ ❡①♣❛♥�✐♦♥❛② ❛� �❤❡ ❩▲❇✳ ■♥ ♦✉ ♠♦❞❡❧ ♣♦�✐�✐✈❡ �❡❝❤♥♦❧♦❣② �❤♦❝❦� ❛❡ ❡①♣❛♥�✐♦♥❛②✻✻✺

✐♥ ◆❡✇ ❛♥❞ ❙✉♥�♣♦� ❩▲❇ ❡
✉✐❧✐❜✐❛ ✇❤❡♥ σ = 1✳✷✵✻✻✻

✷✵❙❡❡ ❙❡❝�✐♦♥ ❉✳✷ ♦❢ �❤❡ ❖♥❧✐♥❡ ❆♣♣❡♥❞✐① ❢♦� ❞❡�❛✐❧�✳
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❘❡❢❡�❡♥❝❡�✻✻✼

❆�✉♦❜❛✱ ❙✳✱ ❈✉❜❛✲❇♦�❞❛✱ �✳✱ ❙❝❤♦�❢❤❡✐❞❡✱ ❋✳✱ ✷✵✶✻✳ ▼❛❝�♦❡❝♦♥♦♠✐❝ ❞②♥❛♠✐❝� ♥❡❛� �❤❡ ❩▲❇✿✻✻✽

❛ �❛❧❡ ♦❢ �✇♦ ❝♦✉♥��✐❡�✳ ■♥�❡�♥❛�✐♦♥❛❧ ❋✐♥❛♥❝❡ ❉✐�❝✉��✐♦♥ �❛♣❡�� ✶✶✻✸✳✻✻✾

❇❡♥❤❛❜✐❜✱ ❏✳✱ ❙❝❤♠✐��✲●�♦❤❡✱ ❙✳✱ ❯�✐❜❡✱ ▼✳✱ ✷✵✵✶✳ ▼♦♥❡�❛�② ♣♦❧✐❝② ❛♥❞ ♠✉❧�✐♣❧❡ ❡+✉✐❧✐❜�✐❛✳✻✼✵

❆♠❡�✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✾✶✱ ✶✻✼✕✶✽✻✳✻✼✶

❇�♦❞❛✱ ❈✳✱ ❲❡✐♥��❡✐♥✱ ❉✳✱ ✷✵✵✻✳ ●❧♦❜❛❧✐③❛�✐♦♥ ❛♥❞ �❤❡ ❣❛✐♥� ❢�♦♠ ✈❛�✐❡�②✳ ◗✉❛��❡�❧② ❏♦✉�♥❛❧✻✼✷

♦❢ ❊❝♦♥♦♠✐❝� ✶✷✶✱ ✺✹✶✕✺✽✺✳✻✼✸

❇✉❧❧❛�❞✱ ❏✳✱ ✷✵✶✵✳ ❙❡✈❡♥ ❢❛❝❡� ♦❢ ✏�❤❡ ♣❡�✐❧✑✳ ❋❡❞❡�❛❧ ❘❡�❡�✈❡ ❇❛♥❦ ♦❢ ❙�✳ ▲♦✉✐� ❘❡✈✐❡✇ ✾✷✱✻✼✹

✸✸✾✕✸✺✷✳✻✼✺

❈❤�✐��✐❛♥♦✱ ▲✳✱ ❊✐❝❤❡♥❜❛✉♠✱ ▼✳✱ ✷✵✶✷✳ ◆♦�❡� ♦♥ ❧✐♥❡❛� ❛♣♣�♦①✐♠❛�✐♦♥�✱ ❡+✉✐❧✐❜�✐✉♠ ♠✉❧�✐✲✻✼✻

♣❧✐❝✐�② ❛♥❞ ❊✲❧❡❛�♥❛❜✐❧✐�② ✐♥ �❤❡ ❛♥❛❧②�✐� ♦❢ �❤❡ ③❡�♦ ❜♦✉♥❞✱ ✇♦�❦✐♥❣ ♣❛♣❡�✳✻✼✼

❈❤�✐��✐❛♥♦✱ ▲✳✱ ❊✐❝❤❡♥❜❛✉♠✱ ▼✳✱ ❘❡❜❡❧♦✱ ❙✳✱ ✷✵✶✶✳ ❲❤❡♥ ✐� �❤❡ ❣♦✈❡�♥♠❡♥� �♣❡♥❞✐♥❣ ♠✉❧✲✻✼✽

�✐♣❧✐❡� ❧❛�❣❡❄ ❏♦✉�♥❛❧ ♦❢ �♦❧✐�✐❝❛❧ ❊❝♦♥♦♠② ✶✶✾✱ ✼✽✕✶✷✶✳✻✼✾

❉❡♥❡�✱ ▼✳✱ ❊❣❣❡����♦♥✱ ●✳✱ ●✐❧❜✉❦❤✱ ❙✳✱ ✷✵✶✸✳ ❉❡✜❝✐��✱ ♣✉❜❧✐❝ ❞❡❜� ❞②♥❛♠✐❝� ❛♥❞ �❛① ❛♥❞✻✽✵

�♣❡♥❞✐♥❣ ♠✉❧�✐♣❧✐❡��✳ ❊❝♦♥♦♠✐❝ ❏♦✉�♥❛❧ ✶✷✸✱ ✶✸✸✕✶✻✸✳✻✽✶

❊❣❣❡����♦♥✱ ●✳✱ ❋❡��❡�♦✱ ❆✳✱ ❘❛✛♦✱ ❆✳✱ ✷✵✶✹✳ ❈❛♥ ���✉❝�✉�❛❧ �❡❢♦�♠� ❤❡❧♣ ❊✉�♦♣❡❄ ❏♦✉�♥❛❧✻✽✷

♦❢ ▼♦♥❡�❛�② ❊❝♦♥♦♠✐❝� ✻✶✱ ✷✕✷✷✳✻✽✸

❊❣❣❡����♦♥✱ ●✳✱ ❑�✉❣♠❛♥✱ �✳✱ ✷✵✶✷✳ ❉❡❜�✱ ❞❡❧❡✈❡�❛❣✐♥❣ ❛♥❞ �❤❡ ❧✐+✉✐❞✐�② ��❛♣✿ ❛ ❋✐�❤❡�✲✻✽✹

▼✐♥�❦②✲❑♦♦ ❛♣♣�♦❛❝❤✳ ◗✉❛��❡�❧② ❏♦✉�♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝� ✶✷✼✱ ✶✹✻✾✕✶✺✶✸✳✻✽✺

❊❣❣❡����♦♥✱ ●✳✱ ❲♦♦❞❢♦�❞✱ ▼✳✱ ✷✵✵✸✳ ❚❤❡ ③❡�♦ ✐♥�❡�❡�� �❛�❡ ❜♦✉♥❞ ❛♥❞ ♦♣�✐♠❛❧ ♠♦♥❡�❛�②✻✽✻

♣♦❧✐❝②✳ ❇�♦♦❦✐♥❣� �❛♣❡�� ♦♥ ❊❝♦♥♦♠✐❝ ❆❝�✐✈✐�② ✸✹✱ ✶✸✾✕✷✸✺✳✻✽✼
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❊❣❣❡����♦♥✱ ●✳ ❇✳✱ ✷✵✶✶✳ ❲❤❛� ✜�❝❛❧ ♣♦❧✐❝② ✐� ❡✛❡❝�✐✈❡ ❛� ③❡�♦ ✐♥�❡�❡�� �❛�❡�❄ ■♥✿ ❆❝❡♠♦❣❧✉✱✻✽✽

❉✳✱ ❲♦♦❞❢♦�❞✱ ▼✳ ✭❊❞�✳✮✱ ◆❇❊❘ ▼❛❝�♦❡❝♦♥♦♠✐❝� ❆♥♥✉❛❧ ✷✵✶✵✱ ❱♦❧✉♠❡ ✷✺✳ ❯♥✐✈❡��✐�②✻✽✾

♦❢ ❈❤✐❝❛❣♦ .�❡��✱ ❈❤✐❝❛❣♦✱ ♣♣✳ ✺✾✕✶✶✷✳✻✾✵

❊✈❛♥�✱ ●✳ ❲✳✱ ●✉�❡✱ ❊✳✱ ❍♦♥❦❛♣♦❤❥❛✱ ❙✳✱ ✷✵✵✽✳ ▲✐7✉✐❞✐�② ��❛♣�✱ ❧❡❛�♥✐♥❣ ❛♥❞ ��❛❣♥❛�✐♦♥✳✻✾✶

❊✉�♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✺✷✱ ✶✹✸✽✕✶✹✻✸✳✻✾✷

❋❡�♥❛♥❞❡③✲❱✐❧❧❛✈❡�❞❡✱ ❏✳✱ ●♦�❞♦♥✱ ●✳✱ ●✉❡��♦♥✲◗✉✐♥�❛♥❛✱ .✳✱ ❘✉❜✐♦✲❘❛♠✐�❡③✱ ❏✳✱ ✷✵✶✺✳✻✾✸

◆♦♥❧✐♥❡❛� ❛❞✈❡♥�✉�❡� ❛� �❤❡ ③❡�♦ ❧♦✇❡� ❜♦✉♥❞✳ ❏♦✉�♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❉②♥❛♠✐❝� ❛♥❞ ❈♦♥✲✻✾✹

��♦❧ ✺✼✱ ✶✽✷✕✷✵✹✳✻✾✺

●✉��✱ ❈✳✱ ❍❡�❜��✱ ❊✳✱ ▲♦♣❡③✲❙❛❧✐❞♦✱ ❉✳✱ ❙♠✐�❤✱ ▼✳✱ ✷✵✶✻✳ ❚❤❡ ❡♠♣✐�✐❝❛❧ ✐♠♣❧✐❝❛�✐♦♥� ♦❢ �❤❡✻✾✻

✐♥�❡�❡��✲�❛�❡ ❧♦✇❡� ❜♦✉♥❞✳ ❋✐♥❛♥❝❡ ❛♥❞ ❊❝♦♥♦♠✐❝� ❉✐�❝✉��✐♦♥ ❙❡�✐❡�✱ ❇♦❛�❞ ♦❢ ●♦✈❡�♥♦��✻✾✼

♦❢ �❤❡ ❋❡❞❡�❛❧ ❘❡�❡�✈❡ ❙②��❡♠✳✻✾✽

■�❡❧❛♥❞✱ .✳✱ ✷✵✵✸✳ ❊♥❞♦❣❡♥♦✉� ♠♦♥❡② ♦� ��✐❝❦② ♣�✐❝❡�❄ ❏♦✉�♥❛❧ ♦❢ ▼♦♥❡�❛�② ❊❝♦♥♦♠✐❝� ✺✵✱✻✾✾

✶✻✷✸✕✶✻✹✽✳✼✵✵

▲❡✈②✱ ❉✳✱ ❇❡�❣❡♥✱ ▼✳✱ ❉✉��❛✱ ❙✳✱ ❱❡♥❛❜❧❡✱ ❘✳✱ ✶✾✾✼✳ ❚❤❡ ♠❛❣♥✐�✉❞❡ ♦❢ ♠❡♥✉ ❝♦���✿ ❞✐�❡❝�✼✵✶

❡✈✐❞❡♥❝❡ ❢�♦♠ ❧❛�❣❡ ❯✳ ❙✳ �✉♣❡�♠❛�❦❡� ❝❤❛✐♥�✳ ◗✉❛��❡�❧② ❏♦✉�♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝� ✶✶✷✱ ✼✾✶✕✼✵✷

✽✷✹✳✼✵✸

▼❡��❡♥�✱ ❑✳✱ ❘❛✈♥✱ ▼✳✱ ✷✵✶✹✳ ❋✐�❝❛❧ ♣♦❧✐❝② ✐♥ ❛♥ ❡①♣❡❝�❛�✐♦♥�✲❞�✐✈❡♥ ❧✐7✉✐❞✐�② ��❛♣✳ ❘❡✈✐❡✇✼✵✹

♦❢ ❊❝♦♥♦♠✐❝ ❙�✉❞✐❡� ✽✶✱ ✶✻✸✼✕✶✻✻✼✳✼✵✺

❘♦�❡♠❜❡�❣✱ ❏✳✱ ✶✾✽✷✳ ❙�✐❝❦② ♣�✐❝❡� ✐♥ �❤❡ ❯♥✐�❡❞ ❙�❛�❡�✳ ❏♦✉�♥❛❧ ♦❢ .♦❧✐�✐❝❛❧ ❊❝♦♥♦♠② ✾✵✱✼✵✻

✶✶✽✼✕✶✷✶✶✳✼✵✼

❙❝❤♦�❢❤❡✐❞❡✱ ❋✳✱ ✷✵✵✽✳ ❉❙●❊ ♠♦❞❡❧✲❜❛�❡❞ ❡��✐♠❛�✐♦♥ ♦❢ �❤❡ ♥❡✇ ❑❡②♥❡�✐❛♥ .❤✐❧❧✐♣� ❝✉�✈❡✳✼✵✽

❋❡❞❡�❛❧ ❘❡�❡�✈❡ ❇❛♥❦ ♦❢ ❘✐❝❤♠♦♥❞ ❊❝♦♥♦♠✐❝ ◗✉❛��❡�❧② ✾✹✱ ✸✾✼✕✹✸✸✳✼✵✾

❙♠❡��✱ ❋✳✱ ❲♦✉�❡��✱ ❘✳✱ ✷✵✵✼✳ ❙❤♦❝❦� ❛♥❞ ❢�✐❝�✐♦♥� ✐♥ ❯❙ ❜✉�✐♥❡�� ❝②❝❧❡�✿ ❛ ❇❛②❡�✐❛♥ ❉❙●❊✼✶✵

❛♣♣�♦❛❝❤✳ ❆♠❡�✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇ ✾✼✱ ✺✽✻✕✻✵✻✳✼✶✶

✸✶



❲✐❡❧❛♥❞✱ ❏✳✱ ✷✵✶✺✳ ❆�❡ ♥❡❣❛�✐✈❡ �✉♣♣❧② �❤♦❝❦� ❡①♣❛♥�✐♦♥❛�② ❛� �❤❡ ③❡�♦ ❧♦✇❡� ❜♦✉♥❞❄✱✼✶✷

✇♦�❦✐♥❣ ♣❛♣❡�✳✼✶✸

❲♦♦❞❢♦�❞✱ ▼✳✱ ✷✵✶✶✳ ❙✐♠♣❧❡ ❛♥❛❧②�✐❝� ♦❢ �❤❡ ❣♦✈❡�♥♠❡♥� ❡①♣❡♥❞✐�✉�❡ ♠✉❧�✐♣❧✐❡�✳ ❆♠❡�✐❝❛♥✼✶✹

❊❝♦♥♦♠✐❝ ❏♦✉�♥❛❧✿ ▼❛❝�♦❡❝♦♥♦♠✐❝� ✸✱ ✶✕✸✺✳✼✶✺

❨✉♥✱ ❚✳✱ ✷✵✵✺✳ ❖♣�✐♠❛❧ ♠♦♥❡�❛�② ♣♦❧✐❝② ✇✐�❤ �❡❧❛�✐✈❡ ♣�✐❝❡ ❞✐��♦��✐♦♥�✳ ❆♠❡�✐❝❛♥ ❊❝♦♥♦♠✐❝✼✶✻

❘❡✈✐❡✇ ✾✺✱ ✽✾✕✶✵✾✳✼✶✼

✸✷



▲✐�� ♦❢ ❋✐❣✉
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✸ ◆❡✇ 	②♣❡� ♦❢ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻✼✷✶

✹ ❚②♣❡� ♦❢ ❩▲❇ ❊�✉✐❧✐❜�✐❛ ❋♦� ❆❧	❡�♥❛	✐✈❡ ❱❛❧✉❡� ♦❢ p ❛♥❞ γ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼✼✷✷

✺ ❋�❡�✉❡♥❝② ♦❢ 	②♣❡� ♦❢ ❩▲❇ ❡�✉✐❧✐❜�✐❛ ❢♦� ❛❧	❡�♥❛	✐✈❡ ❱❛❧✉❡� ♦❢ p. ✳ ✳ ✳ ✳ ✳ ✳ ✸✽✼✷✸

✻ ❚❤❡ ♠❡❞✐❛♥ ❛♥❞ 	❤❡ ✶✵	❤ ❛♥❞ ✾✵	❤ ♣❡�❝❡♥	✐❧❡� ♦❢ 	❤❡ ♣♦�	❡�✐♦� ❞✐�	�✐❜✉	✐♦♥✼✷✹

♦❢ ♠✉❧	✐♣❧✐❡�� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾✼✷✺

✼ ❋✐�❝❛❧ ♠✉❧	✐♣❧✐❡�� ✉�✐♥❣ 	❤❡ ♥♦♥❧✐♥❡❛� ❛♥❞ ❧♦❣❧✐♥❡❛� ❡�✉✐❧✐❜�✐✉♠ ❝♦♥❞✐	✐♦♥�✼✷✻

❛	 ❛❧	❡�♥❛	✐✈❡ ✈❛❧✉❡� ♦❢ p ❛♥❞ γ. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵✼✷✼

✽ ❩▲❇ ❊�✉✐❧✐❜�✐❛ ✐♥ 	❤❡ ❈❛❧✈♦ ✈�✳ ❘♦	❡♠❜❡�❣ ♠♦❞❡❧ ✭p = 0.4✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶✼✷✽

✾ ❙✐③❡ ♦❢ ❝❛❧✐❜�❛	❡❞ ♣�❡❢❡�❡♥❝❡ ❛♥❞ ♣�♦❞✉❝	✐✈✐	② �❤♦❝❦� ❢♦� ❛❧	❡�♥❛	✐✈❡ ♣ ✳ ✳ ✳ ✹✷✼✷✾
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 ❡ ✉✐❧✐❜
✐✉♠ ❝♦♥❞✐�✐♦♥�✳

❚❤❡ ❧♦❣❧✐♥❡❛
✐③❡❞ ❆❙ �❝❤❡❞✉❧❡ ✐� �❤❡ �❛♠❡ ✐♥ ��❛�❡� L ❛♥❞ Lns ❜❡❝❛✉�❡ σ = 1✳
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✐③❛�✐♦♥ ✇✐�❤ p = 0.92✳ ❚❤❡ �❝❤❡❞✉❧❡�
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▼❯▲❚✿ ▼✉❧
✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛✮✳

✸✼



❋✐❣✉�❡ ✺✿ ❋�❡	✉❡♥❝② ♦❢ �②♣❡� ♦❢ ❩▲❇ ❡	✉✐❧✐❜�✐❛ ❢♦� ❛❧�❡�♥❛�✐✈❡ ❱❛❧✉❡� ♦❢

p.

◆♦�❡�✿ ❈❖◆❱✿ ❈♦♥✈❡♥
✐♦♥❛❧ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✭�❧♦♣❡✭❆❉✮❃�❧♦♣❡✭❆❙✮❃✵✮❀ ❙❙ ❚✿ ❙✉♥�♣♦
 ❩▲❇

❡�✉✐❧✐❜�✐✉♠ ✭�❧♦♣❡✭❆❙✮❃�❧♦♣❡✭❆❉✮❃✵✮❀ ◆❊❲✿ ◆❡✇ ❩▲❇ ❡�✉✐❧✐❜�✐✉♠ ✭�❧♦♣❡✭❆❙✮❃✵❃�❧♦♣❡✭❆❉✮✮❀

▼❯▲❚✿ ▼✉❧
✐♣❧❡ ❩▲❇ ❡�✉✐❧✐❜�✐❛✮❀ ❚❤❡ ❜❛�❡❧✐♥❡ ♣❛�❛♠❡
❡�✐③❛
✐♦♥ ✐� ❞❡♥♦
❡❞ ✇✐
❤ ❛ ❜❧❛❝❦ ❧✐♥❡✳

✸✽



❋✐❣✉�❡ ✻✿ ❚❤❡ ♠❡❞✐❛♥ ❛♥❞ �❤❡ ✶✵�❤ ❛♥❞ ✾✵�❤ ♣❡�❝❡♥�✐❧❡� ♦❢ �❤❡ ♣♦��❡�✐♦�

❞✐���✐❜✉�✐♦♥ ♦❢ ♠✉❧�✐♣❧✐❡��

✭❛✮ ▲❛❜♦� �❛① ❡♠♣❧♦②♠❡♥� ♠✉❧�✐♣❧✐❡��

p
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

L
a
b
o
r 

ta
x
 m

u
lt
ip

lie
r

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

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

p
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

G
o
v
e
rn

m
e
n
t 

p
u
rc

h
a
s
e
 m

u
lt
ip

lie
r

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

◆♦�❡�✿ ❚❤❡ ✜❣✉�❡� �❡♣♦�� �❤❡ ♣♦��❡�✐♦� ♠❡❞✐❛♥ ❛♥❞ ✾✵✪ ❝�❡❞✐❜❧❡ ✐♥�❡�✈❛❧� ♦❢ ❡❛❝❤ ✜�❝❛❧

♠✉❧�✐♣❧✐❡� ❛� ❛❧�❡�♥❛�✐✈❡ �❡��✐♥❣� ♦❢ p.
✸✾



❋✐❣✉�❡ ✼✿ ❋✐	❝❛❧ ♠✉❧�✐♣❧✐❡�	 ✉	✐♥❣ �❤❡ ♥♦♥❧✐♥❡❛� ❛♥❞ ❧♦❣❧✐♥❡❛�

❡�✉✐❧✐❜�✐✉♠ ❝♦♥❞✐�✐♦♥	 ❛� ❛❧�❡�♥❛�✐✈❡ ✈❛❧✉❡	 ♦❢ p ❛♥❞ γ.

✭❛✮ ◆▲ ▲❛❜♦� 	❛① ♠✉❧	✐♣❧✐❡� ✭❜✮ ◆▲ ●♦✈	✳ ♣✉�❝❤❛�❡ ♠✉❧	✐♣❧✐❡�

✭❝✮ ▲▲ ▲❛❜♦� 	❛① ♠✉❧	✐♣❧✐❡� ✭❞✮ ▲▲ ●♦✈	✳ ♣✉�❝❤❛�❡ ♠✉❧	✐♣❧✐❡�

◆♦�❡�✿ ❘❡❞✿ ▲❛❜♦	 
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✐♣❧✐❡	 ✐� ❧❡�� 
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✐♣❧✐❡	 ✐� ✐♥
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