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Abstract 

 

This paper considers the implications of an imperfect monetary transmission mechanism for 

optimal monetary policy choices in an open economy. The asset market channel is restricted in 

this paper as some agents lack financial capacity and cannot participate in asset markets. We 

find that while consumer price index (CPI) inflation targeting is appropriate upon a cost-push 

shock when all agents can borrow and save, there exists a case for stabilizing the nominal 

exchange rate when financial participation is low. The analysis is applied to the Indian context 

where monetary policy has recently been overhauled and a new CPI ininflation targeting regime 

is being implemented. 
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❛♥❞ ❡✈❡♥ ♦♣t✐♠❛❧❧② s♣✐❦❡s ✉♣ ❢♦r ✈❡r② ❤✐❣❤ ✜♥❛♥❝✐❛❧ ❡①❝❧✉s✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ❛❧❧ ❡①♣❛♥s✐♦♥❛r②

❛s ❞②♥❛♠✐❝s ✐♥ ❛♥ ❡❝♦♥♦♠② ✇✐t❤ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ✇♦r❦ ✐♥ ❛ ❧♦♦♣ ✭❇✐❧❜✐✐❡✱ ✷✵✵✽✮✳ ❆ss❡t ❤♦❧❞❡r

❝♦♥s✉♠♣t✐♦♥ ❞❡❝r❡❛s❡s ❛s ♣r✐❝❡s ✉♥❡①♣❡❝t❡❞❧② ✐♥❝r❡❛s❡✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❢❛❧❧ ✐♥ ❧❛❜♦✉r ❞❡♠❛♥❞

✇✐t❤ ❛ ❧♦✇❡r ❡q✉✐❧✐❜r✐✉♠ r❡❛❧ ✇❛❣❡ r❡q✉✐r❡❞ t♦ ❝❧❡❛r t❤❡ ♠❛r❦❡t✳ ❚❤❡ ❞❡♠❛♥❞ ♦❢ ♥♦♥✲❛ss❡t

✶❤tt♣✿✴✴✇✇✇✳✇s❥✳❝♦♠✴❛rt✐❝❧❡s✴r❡s❡r✈❡✲❜❛♥❦✲♦❢✲✐♥❞✐❛✲❣♦✈✲r❛❥❛♥✲✐♥✢❛t✐♦♥✲♦♥✲t❛r❣❡t✲✶✹✵✾✶✺✶✹✾✵

✸



❤♦❧❞❡rs ✭✇❤♦ ❤❛✈❡ ❛ ♠❛r❣✐♥❛❧ ♣r♦♣❡♥s✐t② t♦ ❝♦♥s✉♠❡ ♦❢ ♦♥❡✮ ❞❡❝r❡❛s❡s ❜② ❛s ♠✉❝❤ ❛s t❤❡

r❡❛❧ ✇❛❣❡✳ ❖✉t♣✉t ❢❛❧❧s ♠♦r❡✱ ❛♥❞ ❛s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ✐♥❝r❡❛s❡✱ ✇❛❣❡s ❢❛❧❧

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

♣♦s✐t✐✈❡ ✐♥❝♦♠❡ ❡✛❡❝t ❢♦r ❛ss❡t ❤♦❧❞❡rs✳ ❆ ♠♦r❡ ❝♦♥tr❛❝t✐♦♥❛r② ✐♥t❡r❡st r❛t❡ str❡♥❣t❤❡♥s t❤✐s

❧♦♦♣ ❡✛❡❝t✱ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠② r❡✐♥❢♦r❝❡ t❤❡ ❝♦♥tr❛❝t✐♦♥✳

❚❤✐s ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❞❡❜❛t❡ ♦♥ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ❛♥❛❧②s✐s ❛s

✇❡❧❧ ❛s ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣ ✐♥ ■♥❞✐❛✳ ■♥ t❤❡ ❢♦r♠❡r ❧✐t❡r❛t✉r❡✱ ♥♦ ♣r❡✈✐♦✉s ♣❛♣❡r ❤❛s ❛♥❛❧②③❡❞

♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ❞❡s✐❣♥ ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠② ♠♦❞❡❧ ✇✐t❤ ❧✐♠✐t❡❞ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐✲

♣❛t✐♦♥✳ ■♥ t❤❡ ♦r✐❣✐♥❛❧ ◆❡✇ ❑❡②♥❡s✐❛♥ ❧✐♠✐t❡❞ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ✭▲❆▼P✮ ♣❛♣❡r✱ ●❛❧✐✱

▲♦♣❡③✲❙❛❧✐❞♦ ❛♥❞ ❱❛❧❧❡s s❤♦✇ t❤❛t ✇❤❡♥ ❢❡✇ ❛❣❡♥ts ❝❛♥ ❜♦rr♦✇ ❛♥❞ s❛✈❡✱ ❛ st❛♥❞❛r❞ ❚❛②❧♦r

❘✉❧❡ ❝❛♥ ❧❡❛❞ t♦ ✐♥❞❡t❡r♠✐♥❛❝② ✐♥ ❛ ❝❧♦s❡❞ ❡❝♦♥♦♠② ✇✐t❤ ❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥✳ ❇✐❧❜✐✐❡ ✭✷✵✵✽✮

❜✉✐❧❞s ✉♣♦♥ t❤❡ ●❛❧✐ ❡t ❛❧ ❛♥❛❧②s✐s t♦ ❛♥❛❧②③❡ ❞❡t❡r♠✐♥❛❝② ❛♥❞ ♦♣t✐♠❛❧ ♣♦❧✐❝② ✐♥ ❛ ❝❧♦s❡❞

❡❝♦♥♦♠② ✇✐t❤♦✉t ❝❛♣✐t❛❧ ❛❝❝✉♠✉❧❛t✐♦♥✳ ❍❡ ❝♦♠❡s ✉♣ ✇✐t❤ t❤❡ ❧♦♦♣ ❡✛❡❝t ✐♥t✉✐t✐♦♥ ❡①♣❧❛✐♥❡❞

❛❜♦✈❡ ✭❛❧s♦ ❝❛❧❧❡❞ t❤❡ ■❆❉▲ ♦r ■♥✈❡rt❡❞ ❆❣❣r❡❣❛t❡ ❉❡♠❛♥❞ ▲♦❣✐❝✮✱ ❞❡r✐✈❡s t❤❡ ✇❡❧❢❛r❡ ❧♦ss

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

❚❛②❧♦r ❘✉❧❡s ❜❡❝♦♠❡ ✐♥❞❡t❡r♠✐♥❛t❡✳

❊s❡r ✭✷✵✵✾✮ ❛♥❛❧②③❡s ♦♣t✐♠❛❧ ♣♦❧✐❝② ❛♥❞ ✐♥❞❡t❡r♠✐♥❛❝② ✇✐t❤ ▲❆▼P ✐♥ ❛ ♠♦♥❡t❛r② ✉♥✐♦♥✳ ❍❡

✜♥❞s t❤❛t t❤❡ ♦♣t✐♠❛❧ ✇❡✐❣❤t ♦♥ st❛❜✐❧✐③✐♥❣ t❤❡ ♦✉t♣✉t ❣❛♣ ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ ♠❡❛♥ ❛♥❞ ❞✐s♣❡r✲

s✐♦♥ ♦❢ ▲❆▼P ✐♥ ❛ ❝✉rr❡♥❝② ✉♥✐♦♥✳ ❆s❝❛r✐ ❡t ❛❧ ✭✷✵✶✶✮ ❡①t❡♥❞ ❇✐❧❜✐✐❡ ✭✷✵✵✽✮ ❜② ✐♥❝♦r♣♦r❛t✐♥❣

st✐❝❦② ♥♦♠✐♥❛❧ ✇❛❣❡s✳ ❚❤❡② ✜♥❞ t❤❛t ▲❆▼P ✐s ❧❡ss ❧✐❦❡❧② t♦ ❛❧t❡r t❤❡ tr❛❞❡✲♦✛s ❢❛❝❡❞ ❜② t❤❡

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

❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ ❝♦♥tr❛❝t✐♦♥✳ ❆s❝❛r✐ ❡t ❛❧ ❛❧s♦ ✜♥❞s t❤❛t ❛ ♠✉❝❤ ❤✐❣❤❡r s❤❛r❡ ♦❢ ▲❆▼P

✐s r❡q✉✐r❡❞ t♦ ♣r♦❞✉❝❡ t❤❡ ■❆❉▲✳ ❇♦❡r♠❛ ✭✷✵✶✹✮ ✜♥❞s t❤❛t t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ❛t ✇❤✐❝❤ ❛

st❛♥❞❛r❞ ❚❛②❧♦r ❘✉❧❡ ❧❡❛❞s t♦ ✐♥❞❡t❡r♠✐♥❛❝② ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠② ✐s ❤✐❣❤❡r✳ ❚❤❡ ♣❛♣❡r ❝❧♦s❡st

t♦ t❤❡ ❝✉rr❡♥t ♦♥❡ ✐s ❇✐❧❜✐✐❡ ✭✷✵✵✽✮✱ ❛♥❞ ✇❡ ❞✐✛❡r ✐♥ t✇♦ ❦❡② ❞✐♠❡♥s✐♦♥s✳ ❋✐rst❧②✱ ✇❡ t❛❦❡ t❤❡

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

♦♥❞❧② ✇❡ ❛♥❛❧②③❡ s✐♠♣❧❡ ❛♥❞ ✐♠♣❧❡♠❡♥t❛❜❧❡ ♠♦♥❡t❛r② r✉❧❡s t❤❛t ❝❛♥ ❛♣♣r♦①✐♠❛t❡ t❤❡ ♦♣t✐♠❛❧

♣♦❧✐❝②✳

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

✐❝❛❧ ♣❛♣❡rs ❛♥❞ ❢❡✇❡r t❤❡♦r❡t✐❝❛❧ ♦♥❡s✳ ❇❛t✐♥✐ ❡t ❛❧ ✭✷✵✶✵✮ t❤❡♦r❡t✐❝❛❧❧② st✉❞② t❤❡ ✜♥❛♥❝✐❛❧

❛❝❝❡❧❡r❛t♦r ♠❡❝❤❛♥✐s♠ ✐♥ t❤❡ ■♥❞✐❛♥ ❝♦♥t❡①t t♦ ✜♥❞ t❤❛t ❛ ♥♦♠✐♥❛❧ ♣❡❣ ✐s ❧❡❛st s✉❜♦♣t✐♠❛❧

✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝②✳ ❍♦✇❡✈❡r✱ ❆♥❛♥❞ ❡t ❛❧✳ ✭✷✵✶✵✮ ❡st✐♠❛t❡ ❛♥♦t❤❡r

❉❙●❊ ♠♦❞❡❧ ✇✐t❤ ❛ ✜♥❛♥❝✐❛❧ ❛❝❝❡❧❡r❛t♦r ❢♦r ■♥❞✐❛ t♦ ✜♥❞ t❤❛t ❡①❝❤❛♥❣❡ r❛t❡ ✈♦❧❛t✐❧✐t② ✐♥ t❤❡

❞❛t❛ ✐s t♦♦ ❧♦✇ ❝♦♠♣❛r❡❞ t♦ ♦♣t✐♠❛❧ ♣♦❧✐❝②✳ ❇❛♥❡r❥❡❡ ❛♥❞ ❇❛s✉ ✭✷✵✶✺✮✱ ✐♥ ❛ ❉❙●❊ ♠♦❞❡❧

✹



✇✐t❤ ❝❛♣✐t❛❧✱ ✜♥❞ t❤❛t ✐♥✈❡st♠❡♥t✲s♣❡❝✐✜❝ t❡❝❤♥♦❧♦❣② s❤♦❝❦s ❛r❡ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ t♦t❛❧

❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t② s❤♦❝❦s ✐♥ ❞r✐✈✐♥❣ ♦✉t♣✉t ✈❛r✐❛❜✐❧✐t②✳ ■♥ ❛♥ ❡♠♣✐r✐❝❛❧ ♣❛♣❡r✱ ▼♦❤❛♥t② ❛♥❞

❇❤❛♥✉♠✉rt❤② ✭✷✵✶✹✮ ✜♥❞ t❤❛t ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣ ❞♦❡s ♥♦t ✐♠♣❧② ❡①❝❤❛♥❣❡ r❛t❡ st❛❜✐❧✐t② ✐♥

■♥❞✐❛✱ ❛♥❞ ✐♥ ❢❛❝t ❡①❝❤❛♥❣❡ r❛t❡ st❛❜✐❧✐t② ♠✐❣❤t ❛♥❝❤♦r ✐♥✢❛t✐♦♥ t❤r♦✉❣❤ ✐♥❝r❡❛s❡❞ ❝r❡❞✐❜✐❧✐t②

❛♥❞ st❡r✐❧✐③❛t✐♦♥✳ ❚❤✐s st✉❞② ❞✐✛❡rs ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s t❤❡♦r❡t✐❝❛❧ ❧✐t❡r❛t✉r❡ ❜② st✉❞②✐♥❣ ✐♥

❞❡t❛✐❧ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ♠♦♥❡t❛r② ♣♦❧✐❝② ❞❡s✐❣♥ ♦❢ ❧✐♠✐t❡❞ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥✳

❚❤❡r❡ ❛r❡ s♦♠❡ ❝❛✈❡❛ts t♦ t❤❡ ❛♥❛❧②s✐s✳ ❲❤✐❧❡ t❤✐s ♣❛♣❡r ♠❛② ♦✛❡r s♦♠❡ ✐♥✐t✐❛❧ r❡❛s♦♥s ✇❤② ✐t

♠✐❣❤t ❜❡ ✐♠♣♦rt❛♥t t♦ ❝♦♥s✐❞❡r st❛❜✐❧✐③✐♥❣ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✇❤❡♥ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥

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

❝❛♣✐t❛❧ ♠♦❜✐❧✐t②✳ ❚❤✐s ✇♦✉❧❞ ❜r❡❛❦ t❤❡ ♣❡r❢❡❝t ✐♥t❡r♥❛t✐♦♥❛❧ r✐s❦✲s❤❛r✐♥❣ ❛ss✉♠♣t✐♦♥ ❛♥❞ ✐♠♣❧②

t❤❛t ❛ ❤✐❣❤❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥ ✇♦✉❧❞ ♥♦t ♥❡❝❡ss❛r✐❧② ❧❡❛❞ t♦ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥tr❛❝t✐♦♥ ✐♥

❛ss❡t ❤♦❧❞❡r ❞❡♠❛♥❞✳ ❚❤✐s ✇♦✉❧❞ ✇❡❛❦❡♥ t❤❡ ❧♦♦♣ ❡✛❡❝t✱ ❛♥❞ ♣❡r❤❛♣s ❝♦rr❡s♣♦♥❞✐♥❣❧② ✇❡❛❦❡♥

t❤❡ ❝❛s❡ ❢♦r ❛♥ ❡①❝❤❛♥❣❡ r❛t❡ ♣❡❣ ✐♥ ❛♥ ❡❝♦♥♦♠② ✇✐t❤ ▲❆▼P✳ ■♥❝♦r♣♦r❛t✐♥❣ st✐❝❦② ✇❛❣❡s✱ ❛s

s❤♦✇♥ ❜② ❆s❝❛r✐ ❡t ❛❧ ✭✷✵✶✶✮✱ ♠✐❣❤t ❛❧s♦ ❧❡❛❞ t♦ ❧❡ss ♦❢ ❛♥ ♦♣t✐♠❛❧ ♣♦❧✐❝② ❞✐✈❡r❣❡♥❝❡ ❢r♦♠ t❤❡

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

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

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

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

❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ♣r♦❝❡❡❞s ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ❝♦♥str✉❝ts ❛♥ ♦♣❡♥ ❡❝♦♥♦♠② ◆❡✇ ❑❡②♥❡✲

s✐❛♥ ♠♦❞❡❧ ✇✐t❤ ❧✐♠✐t❡❞ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥✳ ❖♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ❢♦r t❤✐s ♠♦❞❡❧

✐s ❛♥❛❧②③❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳ ❙❡❝t✐♦♥ ✹ ❛♥❛❧②③❡s s✐♠♣❧❡ r✉❧❡s t❤❛t ❝♦♠❡ ❝❧♦s❡ t♦ ❛♣♣r♦①✐♠❛t✐♥❣ t❤❡

♦♣t✐♠❛❧ ♣♦❧✐❝②✳ ❙❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✱ ❛♥❞ ❞✐s❝✉ss❡s ♣♦ss✐❜❧❡ ♣♦❧✐❝② ✐♠♣❧✐❝❛t✐♦♥s ❛♥❞ ❡①t❡♥s✐♦♥s

t♦ t❤❡ st✉❞②✳ ❆ t❡❝❤♥✐❝❛❧ ❛♣♣❡♥❞✐① ❝♦♥t❛✐♥s t❤❡ ❧✐♥❡❛r✐③❡❞ ❡q✉✐❧✐❜r✐✉♠✱ ❞❡r✐✈❛t✐♦♥s ♦❢ ❦❡②

❡q✉❛t✐♦♥s✱ ♠♦❞❡❧ ❞②♥❛♠✐❝s✱ ❛♥❞ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✳

✷ ▼♦❞❡❧

❚❤✐s s❡❝t✐♦♥ ❝♦♥str✉❝ts ❛♥ ♦♣❡♥ ❡❝♦♥♦♠② ◆❡✇ ❑❡②♥❡s✐❛♥ ♠♦❞❡❧ ✭❜❛s❡❞ ♦♥ ●❛❧✐ ❛♥❞ ▼♦♥❛❝❡❧❧✐✱

✷✵✵✺✮ ✇✐t❤ ❧✐♠✐t❡❞ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥✳ ❚❤❡ ♠♦❞❡❧ ✐s ❝❛s❤❧❡ss✱ ❛♥❞ ❢❡❛t✉r❡s ♥♦♠✐♥❛❧

❛♥❞ r❡❛❧ r✐❣✐❞✐t✐❡s t♦ ✐♥tr♦❞✉❝❡ ❛ r♦❧❡ ❢♦r ♠♦♥❡t❛r② ♣♦❧✐❝②✳ ▲❆▼P ✐s ♠♦❞❡❧❡❞ ✈✐❛ ❛ ❢r❛❝t✐♦♥

♦❢ ❤♦✉s❡❤♦❧❞s ♥♦t ❜❡✐♥❣ ❛❜❧❡ t♦ ❜♦rr♦✇ ❛♥❞ s❛✈❡ ✐♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❛s ✐♥ ●❛❧✐✱ ▲♦♣❡③✲❙❛❧✐❞♦

❛♥❞ ❱❛❧❧❡s ✭✷✵✵✼✮ ❛♥❞ ❇✐❧❜✐✐❡ ✭✷✵✵✽✮✳

✺



✷✳✶ ❍♦✉s❡❤♦❧❞s

❚❤❡r❡ ❡①✐sts ❛ ❝♦♥t✐♥✉✉♠ ♦❢ ❤♦✉s❡❤♦❧❞s ✐♥❞❡①❡❞ ❜② i ∈ [0, 1]✳ ❋r❛❝t✐♦♥ 1−λ ♦❢ t❤❡ ❤♦✉s❡❤♦❧❞s

❢✉❧❧② ♦♣t✐♠✐③❡ ❡❛❝❤ ♣❡r✐♦❞ ❛♥❞ tr❛❞❡ ✐♥ t❤❡ ♠❛r❦❡t ❢♦r st❛t❡✲❝♦♥t✐♥❣❡♥t s❡❝✉r✐t✐❡s✳ ❍♦✇❡✈❡r✱

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

❜♦rr♦✇✐♥❣ ❛♥❞ s❛✈✐♥❣ ✐♥ ❛ss❡ts✳ ❚❤❡② ❛r❡ t❤✉s ♥♦t ❞✐r❡❝t❧② ❛✛❡❝t❡❞ ❜② ✐♥t❡r❡st r❛t❡ ❝❤❛♥❣❡s✳

❖♣t✐♠✐③✐♥❣ ❤♦✉s❡❤♦❧❞s ❛r❡ ❞❡♥♦t❡❞ ✇✐t❤ s✉♣❡rs❝r✐♣t o ✇❤✐❧❡ ✜♥❛♥❝✐❛❧❧② ❡①❝❧✉❞❡❞ ❤♦✉s❡❤♦❧❞s

❛r❡ ❞❡♥♦t❡❞ ✇✐t❤ s✉♣❡rs❝r✐♣t f ✳

✷✳✶✳✶ ❖♣t✐♠✐③✐♥❣ ❆❣❡♥ts

❚❤❡ ❛ss❡t ❤♦❧❞❡rs i ∈ [λ, 1] ❣❛✐♥ ✉t✐❧✐t② ❢r♦♠ ❝♦♥s✉♠♣t✐♦♥✱ Co
t , ❛♥❞ ❞✐s✉t✐❧✐t② ❢r♦♠ ❤♦✉rs ✇♦r❦❡❞✱

No
t ✳ ❊❛❝❤ ❤♦✉s❡❤♦❧❞ ❝❤♦♦s❡s ✐ts ♦♣t✐♠❛❧ ❧❡✈❡❧ ♦❢ ❝♦♥s✉♠♣t✐♦♥✱ ❧❡✐s✉r❡✱ ❛♥❞ ❛ss❡t ❤♦❧❞✐♥❣s✱ ✈✐❛

t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥t❡rt❡♠♣♦r❛❧ ♠❛①✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠

Max
{Co

c ,N
o
t ,Bt+1}

Uo
t = E0

∞
∑

t=0

βt
{

Co
t
1−σ

1− σ
−
No

t
1+φ

1 + φ

}

s.t. EtZt+1Bt+1+EtZt+1Ωt+1 (Vt+1 + Pt+1Dt+1) ≤ Bt+Ωt (Vt + PtDt)+WtN
o
t −PtC

o
t ✭✶✮

✇❤❡r❡ E0 ✐s t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❡①♣❡❝t❛t✐♦♥s ♦♣❡r❛t♦r✱ β
t ∈ [0, 1] ✐s t❤❡ s✉❜❥❡❝t✐✈❡ ❞✐s❝♦✉♥t ❢❛❝t♦r✱

σ ✐s t❤❡ ✐♥✈❡rs❡ ✐♥t❡rt❡♠♣♦r❛❧ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✱ φ ✐s t❤❡ ✐♥✈❡rs❡ ❋r✐s❝❤ ❡❧❛st✐❝✐t② ♦❢

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

❛ss❡ts✱ Ωt r❡♣r❡s❡♥ts st❛t❡✲❝♦♥t✐♥❣❡♥t s❤❛r❡ ❤♦❧❞✐♥❣s ✐♥ ✜r♠s✱ Vt ✐s t❤❡ ♠❛r❦❡t ✈❛❧✉❡ ♦❢ ❛ s❤❛r❡✱

Dt ✐s ✐ts r❡❛❧ ❞✐✈✐❞❡♥❞ ♣❛②♦✛✱ Pt ✐s t❤❡ ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥❞❡① ✭❈P■✮✱ No
t ✐s ❧❛❜♦✉r s✉♣♣❧✐❡❞✱

Wt ❞❡♥♦t❡s t❤❡ ♥♦♠✐♥❛❧ ✇❛❣❡ r❛t❡✱ ❛♥❞ Co
t ✐s ❛ ❈❊❙ ❝♦♥s✉♠♣t✐♦♥ ❜❛s❦❡t ♦❢ ❞♦♠❡st✐❝❛❧❧②

♣r♦❞✉❝❡❞ ❛♥❞ ✐♠♣♦rt❡❞ ♥♦♥✲r❡s♦✉r❝❡ ❣♦♦❞s✳ ❚❤❡ ❜✉❞❣❡t ❝♦♥str❛✐♥t ❜✐♥❞s ❛s ♣r❡❢❡r❡♥❝❡s ❛r❡

❧♦❝❛❧❧② ♥♦♥✲s❛t✐❛t❡❞✳

❙t❛t❡✲❝♦♥t✐♥❣❡♥t ✐♥t❡r♥❛t✐♦♥❛❧ ❛ss❡ts ❛♥❞ s❤❛r❡s ♣❛② ❛ r❡t✉r♥ ♦❢ Zt+1 ❡❛❝❤ ♣❡r✐♦❞✳ ❲❡ ❛ss✉♠❡

❧❛❝❦ ♦❢ ❛r❜✐tr❛❣❡ ✐♥ t❤❡ ❛ss❡t ♠❛r❦❡ts✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t Zt+1✱ t❤❡ st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r✱

✐s r❡❧❛t❡❞ t♦ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ❛s ❢♦❧❧♦✇s

EtZt+1 =
1

1 + it
✭✷✮

❚❤❡ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥s ♦♥ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧ ❛ss❡ts ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ t♦ ②✐❡❧❞

t❤❡ ✐♥t❡rt❡♠♣♦r❛❧ ❊✉❧❡r ❊q✉❛t✐♦♥✱ ✇❤✐❝❤ r❡❧❛t❡s ♣r❡s❡♥t ❝♦♥s✉♠♣t✐♦♥ t♦ ❢✉t✉r❡ ❞✐s❝♦✉♥t❡❞

✻



❝♦♥s✉♠♣t✐♦♥ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ❝❤❛♥❣❡s ✐♥ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡

EtZt+1 = βEt

{

Co
t+1

Co
t

Pt

Pt+1

}

✭✸✮

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

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

wt = Noφ

t Co
t ✭✹✮

✷✳✶✳✷ ❋✐♥❛♥❝✐❛❧❧②✲❊①❝❧✉❞❡❞ ❆❣❡♥ts

❚❤❡s❡ ❛❣❡♥ts i ∈ [0, λ] ❞♦ ♥♦t ♣❛rt✐❝✐♣❛t❡ ✐♥ ❛ss❡t ♠❛r❦❡ts ❛♥❞ ❧✐✈❡ ♦♥ ❛ s✉❜s✐st❡♥❝❡ ❧❡✈❡❧ ❜❛s✐s✳

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

Max
{Nc

t }
Uf
t =

Cf
t
1−σ

1− σ
−
Nf

t
1+φ

1 + φ

s.t. PtC
f
t ≤WtN

f
t ✭✺✮

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

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

wt = Nfφ

t Cf
t ✭✻✮

✷✳✶✳✸ ❖♣t✐♠❛❧ ❈♦♥s✉♠♣t✐♦♥ ❇❛s❦❡t

❚❤❡ ❈❊❙ ❝♦♥s✉♠♣t✐♦♥ ❜❛s❦❡t ❤❡❧❞ ❜② ❞♦♠❡st✐❝ ❤♦✉s❡❤♦❧❞s ❝♦♠♣r✐s❡s ♦❢ ❞♦♠❡st✐❝❛❧❧② ♣r♦❞✉❝❡❞

❣♦♦❞s✱ CHt✱ ❛♥❞ ✐♠♣♦rt❡❞ ♣r♦❞✉❝t✐♦♥ ❣♦♦❞s✱ CFt✱ ❢r♦♠ ❝♦✉♥tr✐❡s j ∈ [0, 1] ✿

Ct = [(1− α)
1

εH (CHt)
εH−1

εH + (α)
1

εH (CFt)
εH−1

εH ]
εH

εH−1

✇❤❡r❡ α ❞❡♥♦t❡s t❤❡ ❞❡❣r❡❡ ♦❢ tr❛❞❡ ♦♣❡♥♥❡ss ✭❝♦♥✈❡rs❡❧②✱ 1 − α ✐s t❤❡ ❞❡❣r❡❡ ♦❢ ❤♦♠❡ ❜✐❛s✮✱

εH ✐s t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❤♦♠❡ ❛♥❞ ❢♦r❡✐❣♥ ❣♦♦❞s✱ εp ✐s t❤❡ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧ ✈❛r✐❡t✐❡s ♣r♦❞✉❝❡❞ ✐♥ ❛♥② ❝♦✉♥tr② j✱ ✐♥❝❧✉❞✐♥❣ ❤♦♠❡✱ ❛♥❞ εF

❞❡♥♦t❡s t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✐♠♣♦rt❡❞ ❣♦♦❞s✳ ❚❤❡ ❛ss♦❝✐❛t❡❞ ♣r✐❝❡ ✐♥❞❡① ✐s

Pt =
[

(1− α)P εH
Ht + αP 1−εH

Ft

]
1

1−εH ✳ ❚❤❡ ❈❊❙ ❛❣❣r❡❣❛t♦r ❣✐✈❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ♦♣t✐♠❛❧ ❞❡♠❛♥❞

❢✉♥❝t✐♦♥s ❢♦r ❞♦♠❡st✐❝ ❛♥❞ ✐♠♣♦rt❡❞ ❣♦♦❞s✮✿ CHt = (1 − α)(PHt/Pt)
−εHCt ❛♥❞ CFt = (1 −

✼



α)(PFt/Pt)
−εHCt✳

✷

✷✳✷ Pr✐❝❡s ❛♥❞ ❊①❝❤❛♥❣❡ ❘❛t❡s

✷✳✷✳✶ ❘❡❧❛t✐✈❡ Pr✐❝❡s

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

SHt =
pFt

pHt

❚❤✐s ✐s t❤❡ t❡r♠s ♦❢ tr❛❞❡✱ ♦r t❤❡ r❛t✐♦ ♦❢ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rts t♦ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢

❞♦♠❡st✐❝ ❣♦♦❞s✳ ❚♦ ❞♦ t❤✐s✱ ❛❧❧ ♣r✐❝❡s ❛r❡ ✜rst ❞❡✜♥❡❞ ✐♥ r❡❧❛t✐✈❡ t❡r♠s ✭♥♦r♠❛❧✐③❡❞ ❜② t❤❡

❈P■✮✿ pHt =
PHt

Pt
❛♥❞ pFt =

PFt

Pt
✳ ❋♦r ✉♥✐t❛r② ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❞♦♠❡st✐❝ ❛♥❞

❢♦r❡✐❣♥ ❣♦♦❞s✱ ❛♥❞ ✐♠♣♦rts✱ r❡♣❧❛❝❡ SHt ✐♥ t❤❡ ❈P■ Pt = P 1−α
Ht Pα

Ft t♦ ♦❜t❛✐♥ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡

♦❢ ❞♦♠❡st✐❝❛❧❧② ♣r♦❞✉❝❡❞ ❣♦♦❞s✱ pHt = S−α
Ht ✳ ❚❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rts ✐s t❤❡♥ ❞❡r✐✈❡❞ ❛s

pFt = S1−α
Ht ✳

❚❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✱ Qt =
εtP ∗

t

Pt
✱ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❞♦♠❡st✐❝ ♣r✐❝❡ ♦❢ ❛ ❢♦r❡✐❣♥ ❜❛s❦❡t

♦❢ ❝♦♥s✉♠♣t✐♦♥✱ εtP
∗
t ✱ r❡❧❛t✐✈❡ t♦ t❤❡ ❞♦♠❡st✐❝ ♣r✐❝❡ ♦❢ ❛ ❞♦♠❡st✐❝ ❜❛s❦❡t ♦❢ ❝♦♥s✉♠♣t✐♦♥✱ Pt✱

❝❛♥ ❛❧s♦ ❜❡ ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ SHt✳ ❯s✐♥❣ t❤❛t εtP
∗
Ft = PFt ✭PPP ❤♦❧❞s ✐♥ t❤❡ ✐♠♣♦rt

❣♦♦❞s ♠❛r❦❡t✮ ❛♥❞ P ∗
t = P ∗

Ft ✭t❤❡ ✇♦r❧❞ ❛s ❛ ✇❤♦❧❡ ❜❡❤❛✈❡s ❧✐❦❡ ❛ ❝❧♦s❡❞ ❡❝♦♥♦♠②✮✱ ✇❡ ♦❜t❛✐♥

Qt = S1−α
Ht

✷✳✷✳✷ ■♥t❡r♥❛t✐♦♥❛❧ ❘✐s❦ ❙❤❛r✐♥❣ ❛♥❞ ❯■P

❙✐♥❝❡ ❝❛♣✐t❛❧ ✢♦✇s ❢r❡❡❧② ❛❝r♦ss ❜♦r❞❡rs ✐♥ t❤✐s ♠♦❞❡❧ ❛♥❞ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❛ss❡t ♠❛r❦❡t ✐s

❝♦♠♣❧❡t❡✱ ♦♣t✐♠✐③✐♥❣ ❤♦✉s❡❤♦❧❞s s❤❛r❡ r✐s❦ ✐♥t❡r♥❛t✐♦♥❛❧❧②✳ ❚❤✉s✱ t❤❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ♦♣t✐✲

♠✐③✐♥❣ ❛❣❡♥ts ❝❛♥ ♦♥❧② ✐♥❝r❡❛s❡ ✭❞❡❝r❡❛s❡✮ r❡❧❛t✐✈❡ t♦ ❢♦r❡✐❣♥ ❝♦♥s✉♠♣t✐♦♥ ✐❢ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡

r❛t❡ ❞❡♣r❡❝✐❛t❡s ✭❛♣♣r❡❝✐❛t❡s✮✳ ❇② ❡q✉❛t✐♥❣ t❤❡ ✐♥t❡rt❡♠♣♦r❛❧ ♦♣t✐♠❛❧✐t② ❝♦♥❞✐t✐♦♥s ♦❢ ❞♦♠❡s✲

t✐❝ ♦♣t✐♠✐③❡rs ❛♥❞ ❢♦r❡✐❣♥ ❤♦✉s❡❤♦❧❞s ✐♥ ❡❛❝❤ ❝♦✉♥tr② j✱ ✇❡ ♦❜t❛✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥t❡r♥❛t✐♦♥❛❧

r✐s❦✲s❤❛r✐♥❣ ✭■❘❙✮ ❝♦♥❞✐t✐♦♥

Co
t = νC∗

tQt ✭✼✮

✇❤❡r❡ C∗
t =
´ 1
0 C

j
t dj ❞❡♥♦t❡s ✇♦r❧❞ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ✇❡ ❛ss✉♠❡ s②♠♠❡tr✐❝ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥s

s♦ t❤❛t ν = 1✳ ❈♦♠❜✐♥✐♥❣ t❤❡ ■❘❙ ❝♦♥❞✐t✐♦♥ ✇✐t❤ Zt = Et {Zt+1} ❛♥❞ Zj
t = Et {Zt+1εt+1}✱ r❡✲

✷CHt =

[

1́

0

C

εp−1

εp

Hit di

]

εp

εp−1

✱ CFt =

[

1́

0

C

εF −1

εF

jt di

]

εF
εF −1

❛♥❞ Cjt =

[

1́

0

C

εp−1

εp

jit di

]

εp

εp−1

✽



s♣❡❝t✐✈❡❧② t❤❡ ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥ ❝♦✉♥tr② j✬s ❜♦♥❞ ♣r✐❝✐♥❣ ❡q✉❛t✐♦♥s✱ ✐♠♣❧✐❡s t❤❛t ✉♥❝♦✈❡r❡❞

✐♥t❡r❡st r❛t❡ ♣❛r✐t② ✭❯■P✮ ❤♦❧❞s
1 + it
1 + i∗t

=
εt+1

εt
✭✽✮

❚❤❡ ❯■P ❝♦♥❞✐t✐♦♥ ❝❛♣t✉r❡s ❧❛❝❦ ♦❢ ❛r❜✐tr❛❣❡ ✐♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❛ss❡t ♠❛r❦❡t✳ ■t ❛❧s♦ ✐♠♣❧✐❡s

t❤❛t t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♦✈❡rs❤♦♦ts ✐♥ t❤✐s ♠♦❞❡❧ ✭❢♦r ❡①❛♠♣❧❡✱ ❤♦❧❞✐♥❣ ❝♦♥st❛♥t t❤❡ ❢♦r❡✐❣♥

♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ i∗t ✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝✉rr❡♥t ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ✇✐❧❧ ❝❛✉s❡ ❝❛♣✐t❛❧ t♦

✢♦✇ ✐♥ ❧❡❛❞✐♥❣ t♦ ❛ ❝✉rr❡♥t ❛♣♣r❡❝✐❛t✐♦♥ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ❡①♣❡❝t❡❞ ❢✉t✉r❡ ❞❡♣r❡❝✐❛t✐♦♥✮✳

✷✳✸ ❋✐r♠s

❋✐r♠s ❛r❡ ♠♦♥♦♣♦❧✐st✐❝ ❛♥❞ s❡t ♣r✐❝❡s ✐♥ ❛ st❛❣❣❡r❡❞ ❢❛s❤✐♦♥✳ ■♥ ❛♥② ❣✐✈❡♥ ♣❡r✐♦❞ ❛♥❞ ✐♥❞❡♣❡♥✲

❞❡♥t ♦❢ t✐♠❡ ❡❧❛♣s❡❞ s✐♥❝❡ ❧❛st r❡s❡t✱ ❢r❛❝t✐♦♥ (1− θ) ∈ [0, 1] ♦❢ ✭r❛♥❞♦♠❧② s❡❧❡❝t❡❞✮ ✜r♠s ❝❛♥

r❡✲♦♣t✐♠✐③❡ ♣r✐❝❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❈❛❧✈♦ ♣r✐❝✐♥❣ s❝❤❡♠❡✳ ❋r❛❝t✐♦♥ θ ∈ [0, 1] ♦❢ ✜r♠s ❝❛♥♥♦t

r❡✲♦♣t✐♠✐③❡ ❛♥❞ ✐♥st❡❛❞ ❛❞❥✉st ❧❛❜♦✉r ❞❡♠❛♥❞ t♦ ♠❡❡t ❝❤❛♥❣❡s ✐♥ ❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s✳ ❋✐r♠s

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

❛❤❡❛❞ ✐s ❣✐✈❡♥ ❜② θk✳

❲✐t❤ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ Yit = AtNit✱ ❡❛❝❤ r❡♦♣t✐♠✐③✐♥❣ ✜r♠ i s❡ts ✐ts ♦♣t✐♠❛❧ r❡s❡t ♣r✐❝❡

P ∗
iHt ❛s ❛ ♠❛r❦✉♣✱ µ✱ ♦✈❡r ❝✉rr❡♥t ❛♥❞ ❡①♣❡❝t❡❞ ♠❛r❣✐♥❛❧ ❝♦sts ✭MCtAt = Wt/PHt✮✱ ❣✐✈✐♥❣

r✐s❡ t♦ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥✳ ■♥ ❛ s②♠♠❡tr✐❝ ❡q✉✐❧✐❜r✐✉♠✱ t❤❡ s❛♠❡ ♣r✐❝❡ ✐s ❝❤♦s❡♥ ❜② ❛❧❧ ✜r♠s

✐❡✳ P ∗
iHt = P ∗

Ht∀i✳ ◆♦t✐♥❣ t❤❛t ❛ ✜r♠ t❤❛t r❡♦♣t✐♠✐③❡s ✐♥ ♣❡r✐♦❞ t ✇✐❧❧ ❝❤♦♦s❡ t❤❡ ♣r✐❝❡ P ∗
Ht

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

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

Max
{PHt∗}

∞
∑

k=0

θkEt{Zt,t+k((1− τ)P ∗
HtYi,t+k|t − TCi,t+k|t(Yi,t+k|t))} ✭✾✮

s.t. Yi,t+k|t =

(

P ∗
Ht

PH,t+k

)−εp (

CHit +

ˆ 1

0
Cj
Hitdj

)

✭✶✵✮

✇❤❡r❡ Zt,t+k ✐s t❤❡ st♦❝❤❛st✐❝ ❞✐s❝♦✉♥t ❢❛❝t♦r ✭❛s ❤♦✉s❡❤♦❧❞s ♦✇♥ t❤❡ ✜r♠s✮✱ τ ✐s ❛ st❡❛❞② st❛t❡

✇❛❣❡ s✉❜s✐❞②✱ CHit ❛♥❞
´ 1
0 C

j
Hitdj ❛r❡ r❡s♣❡❝t✐✈❡ ❞❡♠❛♥❞ ❢♦r ❣♦♦❞ i ❜② ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥

❝♦♥s✉♠❡rs ✐♥ ❝♦✉♥tr✐❡s j✱ ❛♥❞ Yi,t+k|t ❛♥❞ TCi,t+k|t (Yi,t+k|t) ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ♦✉t♣✉t ❛♥❞

t♦t❛❧ ❝♦st ✐♥ ♣❡r✐♦❞ t+ k ❢♦r ❛ ✜r♠ t❤❛t r❡s❡t ✐ts ♣r✐❝❡ ✐♥ ♣❡r✐♦❞ t✳ ❯s✐♥❣ ✭✶✵✮✱ Nt =
´ 1
0 Nitdi✱

❛♥❞ t❤❡ ♣r✐❝❡ ❞✐s♣❡rs✐♦♥ ✐♥❞❡① Λt =
´ 1
0

(

P ∗

Ht

PH,t+k

)−εp
di✱ t❤❡ ❛❣❣r❡❣❛t❡ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ ✐s

✾



❣✐✈❡♥ ❛s YtΛt = AtNt✳ ▼❛①✐♠✐③✐♥❣ ✭✾✮ s✉❜❥❡❝t t♦ ✭✶✵✮ ②✐❡❧❞s t❤❡ ♦♣t✐♠❛❧ ♣r✐❝✐♥❣ ❡q✉❛t✐♦♥

P ∗
Ht = PHt

(

1− θπεP−1
Ht

1− θ

)
1

1−εP

✭✶✶✮

❚❤❡ ❛❣❣r❡❣❛t❡ ❞♦♠❡st✐❝ ♣r✐❝❡ ❧❡✈❡❧ ✐s

PHt = [θP
1−εp
Hi,t−1 + (1− θ)P ∗

Ht
1−εp ]

1
1−εp ✭✶✷✮

❈♦♠❜✐♥✐♥❣ ✭✶✶✮ ❛♥❞ ✭✶✷✮ ❛♥❞ ❧♦❣✲❧✐♥❡❛r✐③✐♥❣✱ ✇❡ ♦❜t❛✐♥ ❛♥ ❡①♣r❡ss✐♦♥ ❢♦r ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥

❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❢✉t✉r❡ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❛♥❞ ♠❛r❣✐♥❛❧ ❝♦st ❣❛♣s✿

πHt = βEtπHt+1 + ξm̃crt ✭✶✸✮

✇❤❡r❡ ξ = (1−θ)(1−θβ)
θ ✳ ❚❤❡ ♠♦♥♦♣♦❧✐st✐❝ s❡❝t♦r ❢❛❝❡s ❡①♦❣❡♥♦✉s ❝♦st✲♣✉s❤ s❤♦❝❦s ✇❤✐❝❤ ❞✐✲

r❡❝t❧② ✐♥❝r❡❛s❡ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ✇✐t❤♦✉t ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞ ♣r❡ss✉r❡s✳ ❚❤❡s❡ s❤♦❝❦s ♠✐❣❤t

❛r✐s❡ ❞✉❡ t♦ ❝❤❛♥♥❡❧s ✐♥❝❧✉❞✐♥❣ st✐❝❦② ✇❛❣❡s ❝r❡❛t✐♥❣ ❛ t✐♠❡ ✈❛r②✐♥❣ ✇❛❣❡ ♠❛r❦✉♣✱ ♦r ❢♦♦❞

♣r✐❝❡ s❤♦❝❦s t❤❛t ❝♦✉❧❞ ❝r❡❛t❡ ❛♥ ✐♥❡✣❝✐❡♥t ✇❡❞❣❡ ❜❡t✇❡❡♥ t❤❡ ❡✣❝✐❡♥t ❛♥❞ ♥❛t✉r❛❧ r❛t❡s ♦❢

♦✉t♣✉t✳ ❈♦st✲♣✉s❤ s❤♦❝❦s ❛r❡ ❞❡t❡r♠✐♥❡❞ r❡❧❛t✐✈❡ t♦ t❤❡✐r st❡❛❞② st❛t❡ ✈❛❧✉❡ V ❛♥❞ ❢♦❧❧♦✇ t❤❡

❢♦❧❧♦✇✐♥❣ st❛t✐♦♥❛r② ❛✉t♦r❡❣r❡ss✐✈❡ ♣r♦❝❡ss

Ln(1 + Vt)− Ln(1 + V ) = ρV Ln(1 + Vt−1)− Ln(1 + V ) + εVt ✭✶✹✮

✇❤❡r❡ ρV ∈ (0, 1) ❛♥❞ εVt ∼ N(0, σ2V )✳ ❚❡❝❤♥♦❧♦❣② s❤♦❝❦s ❢♦❧❧♦✇ ❛ s✐♠✐❧❛r ♣r♦❝❡ss✳

✷✳✹ ▼♦♥❡t❛r② P♦❧✐❝②

❚❤❡ ❈❡♥tr❛❧ ❇❛♥❦ ❢♦❧❧♦✇s ❡✐t❤❡r ♦♣t✐♠❛❧ ♣♦❧✐❝② ♦r s❡ts t❤❡ ✐♥t❡r❡st r❛t❡ ❛❝❝♦r❞✐♥❣ t♦ t❤❡

❢♦❧❧♦✇✐♥❣ ❣❡♥❡r❛❧✐③❡❞ r✉❧❡

1 + it
1 + re

=

(

1 + πHt−1

1 + πH

)φπH
(

1 + πt
1 + π

)φπ
(

∆εt
∆ε

)φε

✭✶✺✮

✇❤❡r❡ it ❞❡♥♦t❡s t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡✱ re ✐s t❤❡ st❡❛❞②✲st❛t❡ ❡✣❝✐❡♥t r❛t❡ ♦❢ ✐♥t❡r❡st✱ πHt

✐s ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥✱ πt ✐s ❈P■ ✐♥✢❛t✐♦♥✱ ❛♥❞ ∆εt ❞❡♥♦t❡s t❤❡ r❛t❡ ♦❢ ❝❤❛♥❣❡ ✐♥ t❤❡ ♥♦♠✐♥❛❧

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

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

t♦ ❡q✉❛t❡ st❡❛❞②✲st❛t❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❛ss❡t ❛♥❞ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs✳ ❚❤❡ ❢♦r♠❡r ♥❡✉tr❛❧✐③❡s

t❤❡ ♠♦♥♦♣♦❧✐st✐❝ ❝♦♠♣❡t✐t✐♦♥ ❞✐st♦rt✐♦♥ ✐♥ st❡❛❞② st❛t❡ ❛♥❞ t❤❡ ❧❛tt❡r ♠❛❦❡s t❤❡ st❡❛❞② st❛t❡

❡✣❝✐❡♥t ❛♥❞ ❡q✉✐t❛❜❧❡ ✐♥ t❤❡ s❡♥s❡ t❤❛t C = Co = Cf ✭✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t N = No = Nf ❞✉❡

t♦ ✐❞❡♥t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s✮✳✸

✸❚❤❡ s✉❜s✐❞② t♦ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ❛❧❧♦✇s ❢♦r ❛❧❣❡❜r❛✐❝ tr❛❝t❛❜✐❧✐t② ✇✐t❤♦✉t s❛❝r✐❢②❝✐♥❣ ❛♥② ♦❢ t❤❡ ♠❛✐♥ r❡s✉❧ts
✭●❛❧✐ ❡t ❛❧✱ ✷✵✵✼✮

✶✵



✷✳✺ ▼❛r❦❡t✲❈❧❡❛r✐♥❣ ❛♥❞ ❆❝❝♦✉♥t✐♥❣

❚❤❡ ❞❡♠❛♥❞ ❢♦r ❡❛❝❤ ♠♦♥♦♣♦❧✐st✐❝ ❣♦♦❞ i ✐s

Yit = CHit +

ˆ 1

0
Cj
Hitdj ✭✶✻✮

✇❤❡r❡ CHit ✐s ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❤♦♠❡ ❣♦♦❞s i ❜② ❞♦♠❡st✐❝ ❝♦♥s✉♠❡rs ❛♥❞ Cj
Hit ❞❡♥♦t❡s ❝♦♥✲

s✉♠♣t✐♦♥ ♦❢ ❤♦♠❡ ❣♦♦❞ i ❜② ❝♦✉♥tr② j✳✹ ❚❤❡ ❧❛❜♦✉r ♠❛r❦❡t ✐s ❲❛❧r❛s✐❛♥✱ ✇✐t❤ t❤❡ r❡❛❧ ✇❛❣❡

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

Nt = λNf
t + (1− λ)No

t

❙t❛t❡✲❝♦♥t✐♥❣❡♥t ✐♥t❡r♥❛t✐♦♥❛❧ ❛♥❞ ✜♥❛♥❝✐❛❧ ❛ss❡ts ❛r❡ ✐♥ ③❡r♦ ♥❡t s✉♣♣❧② s✐♥❝❡ ♠❛r❦❡ts ❛r❡

❝♦♠♣❧❡t❡ ❛♥❞ t❤❡ (1 − λ) ❢r❛❝t✐♦♥ ♦❢ ❛❣❡♥ts tr❛❞✐♥❣ ✐♥ t❤❡♠ ❛r❡ ✐❞❡♥t✐❝❛❧✳ ❲✐t❤♦✉t ❧♦ss ♦❢

❣❡♥❡r❛❧✐t②✱ ✇❡ ♥♦r♠❛❧✐③❡ ❛❣❣r❡❣❛t❡ s❤❛r❡ ❤♦❧❞✐♥❣s ❛s ✶✱ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t t❤❡ s❤❛r❡ ❤♦❧❞✐♥❣s

♦❢ ❡❛❝❤ ♦♣t✐♠✐③❡r ❛r❡ ❣✐✈❡♥ ❜②

Ωt+1 = Ωt = Ω =
1

1− λ

❆❣❣r❡❣❛t❡ ❝♦♥s✉♠♣t✐♦♥ ✐s ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ ❝♦♥s✉♠♣t✐♦♥ ❜② ♦♣t✐♠✐③❡rs ❛♥❞ ✜♥❛♥❝✐❛❧❧②✲

❡①❝❧✉❞❡❞ ❛❣❡♥ts✳

Ct = λCc
t + (1− λ)Co

t

❚❤❡ tr❛❞❡ ❜❛❧❛♥❝❡ ✐♥ t❡r♠s ♦❢ ❞♦♠❡st✐❝ ♦✉t♣✉t✱ ❡①♣r❡ss❡❞ ❛s ❛ ❢r❛❝t✐♦♥ ♦❢ st❡❛❞② st❛t❡ ♦✉t♣✉t

Y ✱ ✐s ③❡r♦ ❛♥❞ ❣✐✈❡♥ ❜② NXt =
1
Y (Yt − Sα

HtCt) ❛s ✐♥ ●❛❧✐ ❛♥❞ ▼♦♥❛❝❡❧❧✐ ✭✷✵✵✺✮✳

✷✳✻ ❊q✉✐❧✐❜r✐✉♠

❋♦r ❛ ♣❛rt✐❝✉❧❛r s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ♠♦♥❡t❛r② ♣♦❧✐❝② ✭✇❤✐❝❤ ❝❛♥ ❜❡ t❤♦✉❣❤t ♦❢ ❛s ♣✐♥♥✐♥❣ ❞♦✇♥

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

s❡q✉❡♥❝❡ ♦❢ ♣r✐❝❡s

{SHt, Zt,t+1,Πt,ΠHt,MCt,Λt, εt}
∞
t=0

❛♥❞ ❡♥❞♦❣❡♥♦✉s ✈❛r✐❛❜❧❡s

{Cc
t , C

o
t , N

c
t , N

o
t , CHt, CFt, Nt, Yt}

∞
t=0

s✉❝❤ t❤❛t ❛❧❧ ♠❛r❦❡ts ❝❧❡❛r✱ ✐♥t❡r♥❛t✐♦♥❛❧✲r✐s❦ s❤❛r✐♥❣ ❛♥❞ ♥♦✲❛r❜✐tr❛❣❡ ❝♦♥❞✐t✐♦♥s ❤♦❧❞✱ ❤♦✉s❡✲

✹
CHit = (1 − α)

(

PHit
PHt

)

−εp
(

PHt
Pt

)

−εH
Ct✱ C

j

Hit
= α

(

PHit
PHt

)

−εp

(

PHt

εjtP
j

Ft

)

−εF
(

P
j

Ft

P
j

t

)

−εH

Ct

✶✶



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

{Vt, At, i
∗
t , P

∗
t , C

∗
t }

∞
t=0

❚❤❡ t❡r♠s ♦❢ tr❛❞❡✱ SHt✱ ✐s t❤❡ ♦♥❧② r❡❧❛t✐✈❡ ♣r✐❝❡ t❤❛t ♠❛tt❡rs ❢♦r t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢

❡q✉✐❧✐❜r✐✉♠✳ ❚❤❡ ❢✉❧❧ s❡t ♦❢ ❧✐♥❡❛r✐③❡❞ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❆♣♣❡♥❞✐① ✼✳✶✳

✸ ❖♣t✐♠❛❧ P♦❧✐❝②

❚❤✐s s❡❝t✐♦♥ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ❢♦r t❤❡ ❢r❛♠❡✇♦r❦ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡

♣r❡✈✐♦✉s s❡❝t✐♦♥✳ ❲❡ ❝❤♦♦s❡ t♦ ❢♦❧❧♦✇ t❤❡ ❧✐♥❡❛r✲q✉❛❞r❛t✐❝ ❛♣♣r♦❛❝❤ ♦❢ ❇❡♥✐❣♥♦ ❛♥❞ ❲♦♦❞❢♦r❞

✭✷✵✶✷✮✱ ✇❤✐❝❤ ♣❡r♠✐ts ❛♥ ❡①❛❝t ❧♦❝❛❧❧② ❧✐♥❡❛r✐③❡❞ ❛♣♣r♦①✐♠❛t✐♦♥ t♦ t❤❡ tr✉❡ ♥♦♥❧✐♥❡❛r ♦♣t✐✲

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

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

❚❤❡ s❡❝♦♥❞✲♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ ❤♦✉s❡❤♦❧❞ ✉t✐❧✐t② ②✐❡❧❞s s♦♠❡ ♥♦♥✲③❡r♦ ❧✐♥❡❛r t❡r♠s✳ ■❢

♥♦t ❛❞❞r❡ss❡❞✱ t❤✐s ❝♦✉❧❞ ❧❡❛❞ t♦ ✐♥❝♦rr❡❝t ✇❡❧❢❛r❡ r❛♥❦✐♥❣s ✭❞✐s❝✉ss❡❞ ❢✉rt❤❡r ✐♥ ❲♦♦❞❢♦r❞✱

✷✵✵✸✮✳ ❲❡ t❤✉s ❡❧✐♠✐♥❛t❡ t❤❡ ❧✐♥❡❛r t❡r♠s ✐♥ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ❜② t❛❦✐♥❣ ❛ s❡❝♦♥❞✲♦r❞❡r

❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✉s✐♥❣ ❛♥ ❛♣♣r♦♣r✐❛t❡ ✇❛❣❡ s✉❜s✐❞②✳ ❲❡❧❢❛r❡

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

❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s✳

✸✳✶ ❙❡t✉♣

❲❡ ✜rst s♦❧✈❡ ❢♦r t❤❡ ❡✣❝✐❡♥t ❛❧❧♦❝❛t✐♦♥ ✇❤✐❝❤ ✐s t❤❡ s♦❧✉t✐♦♥ t♦ ❛ ❜❡♥❡✈♦❧❡♥t ❙♦❝✐❛❧ P❧❛♥♥❡r✬s

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

❛♥❞ ✜r♠s ♦♣❡r❛t❡ ✐♥ ❛ ❝♦♠♣❡t✐t✐✈❡ ❡♥✈✐r♦♥♠❡♥t✳ ❆s ♣r❡❢❡r❡♥❝❡s ❛r❡ ✐❞❡♥t✐❝❛❧✱ t❤❡ P❧❛♥♥❡r

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

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

σ = εH = εF = 1 ✭t❤❡ ❝❛s❡ ✇✐t❤ σ 6= 1 ✐s ✐♥ ❆♣♣❡♥❞✐① ✼✳✹✮✳ ◆♦t❡ ❛❧s♦ t❤❛t Cfe
t = Coe

t = Ce
t

s✐♥❝❡ ♣r♦✜ts ❛r❡ ③❡r♦ ✐♥ t❤❡ ❡✣❝✐❡♥t ❡q✉✐❧✐❜r✐✉♠✳

Max
{SHt,Nt}

U e
t = LnCe

t −
N e

t
1+φ

1 + φ

s.t. Y e
t = AtN

e
t

Ce
t = C∗

t S
e1−α
Ht

Y e
t = Ce

t S
eα
Ht

✶✷



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

N e
t = (1− α)

1
1+φ ✭✶✼✮

❊q✉❛t✐♦♥ ✭✶✼✮ ✐♠♣❧✐❡s t❤❛t ❡♠♣❧♦②♠❡♥t ✐s ❝♦♥st❛♥t ♦✈❡r t✐♠❡ ✐♥ t❤❡ ❡✣❝✐❡♥t ❡q✉✐❧✐❜r✐✉♠✳ ■t

❤❛♣♣❡♥s t❤❛t t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡✣❝✐❡♥t r❛t❡ ♦❢ ♦✉t♣✉t✱ Y e
t = At(1 − α)1/(1+φ)✱ ✐s ✐❞❡♥t✐✲

❝❛❧ t♦ t❤❡ ♥❛t✉r❛❧ r❛t❡ ♦❢ ♦✉t♣✉t ❢♦r t❤❡ ♠♦❞❡❧ ✭✇❤✐❝❤ ✐s ❞❡r✐✈❡❞ ❜② ❝♦♠❜✐♥✐♥❣ t❤❡ ✢❡①✐❜❧❡

♣r✐❝❡ r❡s♦✉r❝❡ ❝♦♥str❛✐♥t ✶✻✱ ✐♥t❡r♥❛t✐♦♥❛❧ r✐s❦✲s❤❛r✐♥❣ ✼✱ ✢❡①✐❜❧❡ ♣r✐❝❡ ♠❛r❣✐♥❛❧ ❝♦st ❝♦♥❞✐t✐♦♥
εP

εP−1At = wtS
α
Ht✱ ❛♥❞ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ❛♥❞ t❡r♠s ♦❢ tr❛❞❡ ❞❡✜♥✐t✐♦♥s✮✳ ❚❤❡ ♥❛t✉r❛❧ ❡q✉✐✲

❧✐❜r✐✉♠ ✐s t❤✉s ❡✣❝✐❡♥t ✐♥ t❤✐s ♠♦❞❡❧ ❛♥❞ t❤❡ ♣r♦♣❡rt② ♦❢ ❉✐✈✐♥❡ ❈♦✐♥❝✐❞❡♥❝❡ ✭❇❧❛♥❝❤❛r❞ ❛♥❞

●❛❧✐✱ ✷✵✵✺✮ ❤♦❧❞s ✭♦✉t♣✉t ❣❛♣ ❛♥❞ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❝❛♥ ❜❡ st❛❜✐❧✐③❡❞ s✐♠✉❧t❛♥❡♦✉s❧② ✉♣♦♥ ❛

❞❡♠❛♥❞✲s✐❞❡ s❤♦❝❦✮✳

❖✈❡r t❤❡ ❜✉s✐♥❡ss ❝②❝❧❡✱ t❤❡ ❈❡♥tr❛❧ ❇❛♥❦ ♠✐♥✐♠✐③❡s ❞❡✈✐❛t✐♦♥s ♦❢ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❛♥❞

t❤❡ ♦✉t♣✉t ❣❛♣ ❢r♦♠ ❛♥ ❡✣❝✐❡♥t st❡❛❞② st❛t❡ ✇❤❡r❡ ✐♥✢❛t✐♦♥ ✐s ③❡r♦ ❛♥❞ ♦✉t♣✉t ✐s ❣✐✈❡♥ ❜②

Y e = A(1 − α)1/(1+φ)✳ ■♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❡❝❤♥♦❧♦❣② ✐♥♥♦✈❛t✐♦♥s✱ t❤❡ ❧✐♥❡❛r✐③❡❞ ❡✣❝✐❡♥t r❛t❡

♦❢ ♦✉t♣✉t ✇✐❧❧ ♥♦t ❞✐✈❡r❣❡ ❢r♦♠ ③❡r♦✳ ❈♦♥❞✐t✐♦♥❛❧ ✉♣♦♥ ❛♥ ❛♣♣r♦♣r✐❛t❡ ✇❛❣❡ s✉❜s✐❞② ♦❢ s✐③❡

τ =
(

1− α1−λ(1+φ)
1−λ

)

Sα
H

A
εP

εP−1 +1 t❤❛t ❝♦rr❡❝t❧② ❡❧✐♠✐♥❛t❡s t❤❡ ❧✐♥❡❛r t❡r♠ ✐♥ t❤❡ ❧♦ss ❢✉♥❝t✐♦♥

✭s❡❡ ❆♣♣❡♥❞✐① ✼✳✹ ❢♦r ❞❡t❛✐❧s✮✱ t❤❡ ♣r♦❜❧❡♠ ✐s

MinπHt,ỹt Wt = −
1− α

2

∞
∑

t=0

βt
{

ε

ξ
π2Ht +

1 + φ

1− λ
ỹ2t

}

✭✶✽✮

s.t. πHt = βEtπHt+1 + κỹt + vt, κ = ξ(1 + φ) ✭✶✾✮

ỹt = Etỹt+1 −
1

(

1− φ λ
1−λ

)(i− EtπHt+1 − ret ) ✭✷✵✮

✇❤❡r❡ t❤❡ ♠✐❝r♦✲❢♦✉♥❞❡❞ ❧♦ss ❢✉♥❝t✐♦♥ ✐♥ ❡q✉❛t✐♦♥ ✭✶✽✮ ✐s ♠❛①✐♠✐③❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡

♠♦❞❡❧✬s ❛❣❣r❡❣❛t❡ s✉♣♣❧②✲s✐❞❡ ✭✶✾✮ ❛♥❞ ❞❡♠❛♥❞✲s✐❞❡ ❝♦♥str❛✐♥ts ✭✷✵✮✳ ❚❤❡ ✇❡❧❢❛r❡ ❧♦ss ❢✉♥❝t✐♦♥

❝❛♥ ❜❡ ✈✐❡✇❡❞ ❛s ❛ ❣❡♥❡r❛❧✐③❛t✐♦♥ ♦❢ t❤♦s❡ ✐♥ ●❛❧✐ ❛♥❞ ▼♦♥❛❝❡❧❧✐ ✭✷✵✵✺✮ ❛♥❞ ❇✐❧❜✐✐❡ ✭✷✵✵✽✮✳

❈♦♠♣❛r❡❞ t♦ t❤❡ ❢♦r♠❡r✱ t❤❡r❡ ✐s ❛ ❣r❡❛t❡r ✇❡✐❣❤t ♦♥ t❤❡ ♦✉t♣✉t ❣❛♣ ✈✐❛ t❤❡ (1− λ)−1 t❡r♠✳

◆♦t✐♥❣ t❤❛t λ = 0 ✐♥ ●❛❧✐ ❛♥❞ ▼♦♥❛❝❡❧❧✐✱ ❛s λ → 1 ✭♠♦r❡ ✜♥❛♥❝✐❛❧❧②✲❝♦♥str❛✐♥❡❞ ❛❣❡♥ts ✐♥

t❤❡ ❡❝♦♥♦♠②✮ (1 − λ)−1 ✐♥❝r❡❛s❡s ❛♥❞ ❢♦r λ = 1✱ t❤❡r❡ ✐s ❛♥ ✐♥✜♥✐t❡ ✇❡✐❣❤t ♦♥ t❤❡ ♦✉t♣✉t

❣❛♣✳ ■♥t✉✐t✐✈❡❧②✱ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ st❛❜✐❧✐③❛t✐♦♥ ❜❡❝♦♠❡s ♣r♦❣r❡ss✐✈❡❧② ❧❡ss r❡❧❡✈❛♥t ❢♦r ✇❡❧❢❛r❡

♣✉r♣♦s❡s ❛s λ→ 1 s✐♥❝❡ ❢❡✇❡r ❛♥❞ ❢❡✇❡r ❛❣❡♥ts ❤♦❧❞ ❛ss❡ts ✭✇❤♦s❡ ✈❛❧✉❡ ✐s ❡r♦❞❡❞ ❜② ✐♥✢❛t✐♦♥✮✳

❚❤❡ ❦❡② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♦✉rs ❛♥❞ ❇✐❧❜✐✐❡✬s ❧♦ss ❢✉♥❝t✐♦♥ ✭✇❤❡r❡ α = 0✮ ✐s t❤❛t ✇❡❧❢❛r❡ ❧♦ss❡s

✶✸



❞❡❝r❡❛s❡ ❜② ❢❛❝t♦r (1−α) ❜❡❝❛✉s❡ ♦❢ ♣❡r❢❡❝t ✐♥t❡r♥❛t✐♦♥❛❧ r✐s❦✲s❤❛r✐♥❣✳ ■♥t✉✐t✐✈❡❧②✱ t❤❡ s❧♦♣❡ ♦❢

t❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ P❤✐❧❧✐♣s ❈✉r✈❡ ✭◆❑P❈✮ ✐s ✢❛tt❡r ❜② ❢❛❝t♦r (1−α) ❜❡❝❛✉s❡ ♦❢ t❤❡ r❡✐♥❢♦r❝✐♥❣

❡✛❡❝ts ♦❢ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✳ ❚❤❡ ◆❑P❈ ✭❞❡r✐✈❡❞ ❜② ❝♦♠❜✐♥✐♥❣ ❛♥❞ ❧♦❣✲❧✐♥❡❛r✐③✐♥❣ ✼✱

✶✻✱ ❛♥❞ t❤❡ ♠❛r❣✐♥❛❧ ❝♦st ❝♦♥❞✐t✐♦♥✮ ✐s ❛✉❣♠❡♥t❡❞ ✇✐t❤ ❛♥ ❡①♦❣❡♥♦✉s ❛✉t♦r❡❣r❡ss✐✈❡ ❝♦st✲

♣✉s❤ s❤♦❝❦ vt✱ ✇❤✐❝❤ ❞✐r❡❝t❧② ✐♥❝r❡❛s❡s ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ✇✐t❤♦✉t ♣r❡ss✉r❡s ❡♠❛♥❛t✐♥❣ ❞✉❡ t♦

❝❤❛♥❣❡s ✐♥ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞✳ ❚❤❡ ■❙ ❊q✉❛t✐♦♥ ✭✷✵✮ ✭❞❡r✐✈❡❞ ❜② ❝♦♠❜✐♥✐♥❣ ❛♥❞ ❧♦❣✲❧✐♥❡❛r✐③✐♥❣

✸✱ ✺✱ ✼✱ ❛♥❞ ✶✻✮ ✐s r❡❞✉♥❞❛♥t ❢♦r t❤❡ ♣r♦❜❧❡♠✳ ❙✐♥❝❡ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ❞♦❡s ♥♦t ❡♥t❡r

✐♥ t❤❡ ❧♦ss ❢✉♥❝t✐♦♥✱ t❤❡ ♦✉t♣✉t ❣❛♣ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ❞✐r❡❝t ✐♥str✉♠❡♥t ♦❢ ♠♦♥❡t❛r② ♣♦❧✐❝②✳

❚❤❡ ✐♠♣❧✐❡❞ ❡✣❝✐❡♥t r❛t❡ ♦❢ ✐♥t❡r❡st ❢♦r t❤❡ ♠♦❞❡❧ ✐s

ret = it − EtπHt+1 −

(

1− φ
λ

1− λ

)

Et∆ỹt+1

✸✳✷ ❈❛❧✐❜r❛t✐♦♥

❇❡❢♦r❡ ♥✉♠❡r✐❝❛❧❧② ❛♥❛❧②③✐♥❣ ♦♣t✐♠❛❧ ♣♦❧✐❝②✱ ✇❡ ♣❛r❛♠❡tr✐③❡ t❤❡ ❢r❛♠❡✇♦r❦✳ ❚❤❡ ❦❡② ♣❛r❛♠✲

❡t❡r ♦❢ ✐♥t❡r❡st ✐s λ✱ ♦r t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❤♦✉s❡❤♦❧❞s ✇❤♦ ❞♦ ♥♦t ♣❛rt✐❝✐♣❛t❡ ✐♥ ❛ss❡t ♠❛r❦❡ts✳

❇❛♥❦ ❛❝❝♦✉♥ts ❤❛✈❡ ❜❡❡♥ ♦♣❡♥❡❞ ❢♦r ❝❧♦s❡ t♦ ✼✵✪ ♦❢ s✉r✈❡②❡❞ ❤♦✉s❡❤♦❧❞s ✐♥ ■♥❞✐❛ ✭▼✐♥✐str②

♦❢ ❋✐♥❛♥❝❡✱ ✷✵✶✷✮✱ ❜✉t t❤r❡❡✲❢♦✉rt❤s ♦❢ t❤❡s❡ r❡♠❛✐♥ ✉♥✉s❡❞ ❞✉❡ t♦ ❧❛❝❦ ♦❢ ❤♦✉s❡❤♦❧❞ ✜♥❛♥❝✐♥❣

❝❛♣❛❝✐t② ✭❘❇■✱ ✷✵✶✷✮✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❛r♦✉♥❞ ✼✺✪ ♦❢ ■♥❞✐❛♥s ❞♦ ♥♦t ❜♦rr♦✇ ❛♥❞ s❛✈❡✳ ❲❡

❝❛❧✐❜r❛t❡ λ = 0.7✱ ✇❤✐❝❤ ✐s ❛ ❜✐t ❧♦✇❡r t❤❛t t❤✐s✳ ❖♣❡♥♥❡ss t♦ tr❛❞❡ ✭✐♥ t❤✐s ♠♦❞❡❧ ✲ ♣❡r✲

❝❡♥t ♦❢ ✐♠♣♦rts ✐♥ ❝♦♥s✉♠♣t✐♦♥ ❜❛s❦❡t✮ ✐s ❝❛❧✐❜r❛t❡❞ ❛t α = 0.4 ✇❤✐❝❤ ✐s ❛ r♦✉❣❤ ❡st✐♠❛t❡

❜❛s❡❞ ♦♥ ✐♠♣♦rts ❝♦♥st✐t✉t✐♥❣ ❛r♦✉♥❞ ✸✵✪ ♦❢ ♦✈❡r❛❧❧ ●❉P ✭❲❉■✱ ✷✵✶✺✮✳ ❚❤❡ r❡s✉❧ts ✐♥ t❤✐s

st✉❞②✱ ❤♦✇❡✈❡r✱ ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ t❤✐s s♣❡❝✐✜❝ ❧❡✈❡❧ ♦❢ ♦♣❡♥♥❡ss ♦r ✜♥❛♥❝✐❛❧ ✐♥❝❧✉s✐♦♥✳ ❋♦r

✐♥st❛♥❝❡✱ t❤❡② ❛❧s♦ ❤♦❧❞ ✇✐t❤ λ = 0.3✱ ✇❤✐❝❤ ✐s ❛r♦✉♥❞ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❤♦✉s❡❤♦❧❞s ❢♦r ✇❤♦♠

t❤❡ ❣♦✈❡r♥♠❡♥t ❤❛s ♥♦t ②❡t ♦♣❡♥❡❞ ❜❛♥❦ ❛❝❝♦✉♥ts✳

❖t❤❡r ♣❛r❛♠❡t❡rs ❛r❡ ❧❡ss s♣❡❝✐✜❝ t♦ t❤❡ ♠♦❞❡❧✱ ❛♥❞ s❡t ❛s st❛♥❞❛r❞ ✐♥ t❤❡ ♦♣❡♥ ❡❝♦♥♦♠②

❧✐t❡r❛t✉r❡✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❜❡♥❝❤♠❛r❦ ✈❛❧✉❡s s❡t ❜② ●▼ ✲ ✇❡ ❧❡t t❤❡ ❤♦✉s❡❤♦❧❞ ❞✐s❝♦✉♥t ❢❛❝t♦r

β ❡q✉❛❧ ✵✳✾✾✱ ✇❤✐❝❤ ✐♠♣❧✐❡s ❛ st❡❛❞② st❛t❡ r❡❛❧ ✐♥t❡r❡st r❛t❡ ♦❢ ❛r♦✉♥❞ ❢♦✉r ♣❡r❝❡♥t✳ ❲❡ s❡t t❤❡

✐♥✈❡rs❡ ❋r✐s❝❤ ❡❧❛st✐❝✐t② ♦❢ ❧❛❜♦✉r φ ❛t ✶ t♦ ❛✈♦✐❞ s✐♠♣❧❡ r✉❧❡ ❡q✉✐❧✐❜r✐✉♠ ✐♥❞❡t❡r♠✐♥❛❝② ✐ss✉❡s

♦❢ t❤❡ t②♣❡ ❛♥❛❧②③❡❞ ✐♥ ❇✐❧❜✐✐❡ ✭✷✵✵✽✮✳ ❍♦✇❡✈❡r✱ ♦♣t✐♠❛❧ ♣♦❧✐❝② ✐s ♥♦t q✉❛❧✐t❛t✐✈❡❧② ❛✛❡❝t❡❞

❜② ❧♦✇❡r ♦r ❤✐❣❤❡r ❡❧❛st✐❝✐t②✳ ❚❤❡ ❢r❛❝t✐♦♥ ♦❢ ♠♦♥♦♣♦❧✐st✐❝ ♣r♦❞✉❝❡rs ✇❤♦ ❝❛♥ r❡s❡t ♣r✐❝❡ θ ✐s

s❡t ❛t ✵✳✼✺✱ ✇❤✐❝❤ ✐♠♣❧✐❡s ❛♥ ❛✈❡r❛❣❡ ♣❡r✐♦❞ ♦❢ ❛r♦✉♥❞ ♦♥❡ ②❡❛r ❜❡t✇❡❡♥ ♣r✐❝❡ ❛❞❥✉st♠❡♥ts✳

❚❤❡r❡ ✐s ✉♥✐t❛r② ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❤♦♠❡ ❛♥❞ ❢♦r❡✐❣♥ ❣♦♦❞s✱ εH ✱ ❛♥❞ ❜❡t✇❡❡♥

✐♠♣♦rt❡❞ ❣♦♦❞s✱ εF ✳ ❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t✐❛t❡❞ ♠♦♥♦♣♦❧✐st✐❝ ❣♦♦❞s

✐s s❡t ❛t εP = 6✱ ✇❤✐❝❤ ✐♠♣❧✐❡s ❛ st❡❛❞② st❛t❡ ♠❛r❦✉♣ ♦❢ ❛r♦✉♥❞ ✷✵✪✳

✶✹



✸✳✸ ●❛✐♥s ❯♥❞❡r ❈♦♠♠✐t♠❡♥t

❚❤❡ ♣♦❧✐❝②♠❛❦❡r ❝❛♥ s❡t ❛♥ ♦♣t✐♠❛❧ ♣❧❛♥ ✉♥❞❡r ❝♦♠♠✐t♠❡♥t ♦r ❞✐s❝r❡t✐♦♥✳ ❲❤✐❧❡ ♠✐♥✐♠✐③✐♥❣

✭✶✽✮ s✉❜❥❡❝t t♦ ✭✶✾✮ ②✐❡❧❞s t❤❡ ♦♣t✐♠❛❧ t❛r❣❡t✐♥❣ r✉❧❡ ✉♥❞❡r ❝♦♠♠✐t♠❡♥t ✭✷✶✮✱ ❛♥ ❛♥❛❧♦❣♦✉s

st❛t✐❝ ♣r♦❜❧❡♠ ❣✐✈❡s t❤❡ ♦♣t✐♠❛❧ t❛r❣❡t✐♥❣ r✉❧❡ ✉♥❞❡r ❞✐s❝r❡t✐♦♥ ✭✷✷✮✳✺ ❆ ♣♦❧✐❝②♠❛❦❡r ♦♣❡r❛t✐♥❣

✉♥❞❡r ❞✐s❝r❡t✐♦♥ ✐s ❢r❡❡ t♦ r❡✲♦♣t✐♠✐③❡ ❡❛❝❤ ♣❡r✐♦❞✱ ✇❤✐❝❤ ❛❣❣r❛✈❛t❡s t❤❡ tr❛❞❡♦✛ ❜❡t✇❡❡♥

st❛❜✐❧✐③✐♥❣ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❛♥❞ t❤❡ ♦✉t♣✉t ❣❛♣✳ ❋✐❣✉r❡s ✷ ❛♥❞ ✸ ✐♥ ❆♣♣❡♥❞✐① ✼✳✷ s❤♦✇

t❤❡ st❛❜✐❧✐③❛t✐♦♥ ❜✐❛s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❞✐s❝r❡t✐♦♥ ✇❤❡r❡ t❤❡ ♣♦❧✐❝②♠❛❦❡r ❢♦❧❧♦✇s t❤❡ s✉❜♦♣t✐♠❛❧

str❛t❡❣② ♦❢ tr②✐♥❣ t♦ st❛❜✐❧✐③❡ t❤❡ ♦✉t♣✉t ❣❛♣ ✐♥ t❤❡ ♠❡❞✐✉♠✲t❡r♠✱ ✇✐t❤♦✉t ✐♥t❡r♥❛❧✐③✐♥❣ t❤❛t

❧❛r❣❡r ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ ♦✉t♣✉t ❣❛♣ ❛t ❛♣♣r♦♣r✐❛t❡ ❤♦r✐③♦♥s ❧❡❛❞ t♦ ❣r❡❛t❡r s❤♦rt✲t❡r♠ st❛❜✐❧✐t②✳

πHt = −
ψ

κ
(ỹt − ỹt−1) ✭✷✶✮

ỹt = −
κ

ψ
πHt ✭✷✷✮

✇❤❡r❡ ψ = ξ
ε
1+φ
1−λ r❡♣r❡s❡♥ts t❤❡ r❡❧❛t✐✈❡ ✇❡✐❣❤t ♦♥ st❛❜✐❧✐③✐♥❣ t❤❡ ♦✉t♣✉t ❣❛♣✳ ❈♦♠♠✐t♠❡♥t

❧❡❛❞s t♦ ❛♥ ✐♠♣r♦✈❡❞ tr❛❞❡✲♦✛ ❤❡r❡✱ ✇❤✐❝❤ ❝❛♥ ❜❡ s❤♦✇♥ ❜② s♦❧✈✐♥❣ ✭✷✶✮ ❢♦r✇❛r❞ s♦ t❤❛t

πHt = κỹt + κ
∑∞

t=0 β
tEtỹt+1 + vt✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐♠♣❧✐❡s t❤❛t ❝✉rr❡♥t ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❝❛♥

❜❡ ❞❡❝r❡❛s❡❞ ❜② ❧♦✇❡r✐♥❣ t❤❡ ❝✉rr❡♥t ♦✉t♣✉t ❣❛♣ ❜✉t ❛❧s♦ ❜② ✭❝r❡❞✐❜❧② ❝♦♠♠✐tt✐♥❣✮ t♦ ❧♦✇❡r

❢✉t✉r❡ ♦✉t♣✉t ❣❛♣s ✭●❛❧✐✱ ✷✵✵✽✮✳ ■❢ t❤❡ ♣r✐✈❛t❡ s❡❝t♦r ❡①♣❡❝ts ❧♦✇❡r ❢✉t✉r❡ ♦✉t♣✉t✱ ✐t ✇✐❧❧ r❡✈✐s❡

✐ts ✐♥✢❛t✐♦♥ ❡①♣❡❝t❛t✐♦♥s ❞♦✇♥✇❛r❞s✱ ✐♠♣❧②✐♥❣ t❤❛t ❧♦✇❡r ❝✉rr❡♥t ✐♥✢❛t✐♦♥ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜②

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

▼♦r❡♦✈❡r✱ ✐♥ ❝♦♥tr❛st t♦ ❞✐s❝r❡t✐♦♥✱ t❤❡ s♦❧✉t✐♦♥ ✉♥❞❡r ❝♦♠♠✐t♠❡♥t ❞❡❧✐✈❡rs ❡q✉✐❧✐❜r✐✉♠ ❞❡✲

t❡r♠✐♥❛❝② r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❞❡❣r❡❡ ♦❢ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠②✳ ❚❤✐s

❝❛♥ ❜❡ s❡❡♥ ❜② ❝♦♠❜✐♥✐♥❣ t❤❡ ♦♣t✐♠❛❧ t❛r❣❡t✐♥❣ ✉♥❞❡r ❝♦♠♠✐t♠❡♥t ✭✷✶✮ ✇✐t❤ t❤❡ ◆❑P❈ ✭✶✾✮

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

r❡❣❛r❞❧❡ss ♦❢ t❤❡ ✈❛❧✉❡ ♦❢ λ

Etỹt+1 =

[

1 +
1

β

(

1 +
κ2

ψ

)]

ỹt −
1

β
ỹt−1 +

κ

ψβ
vt

✸✳✹ ❉❡♣❡♥❞❡♥❝❡ ♦♥ ❋✐♥❛♥❝✐❛❧ ■♥❝❧✉s✐♦♥

❉✉❡ t♦ t❤❡ st❛❜✐❧✐③❛t✐♦♥ ❜✐❛s ✉♥❞❡r ❞✐s❝r❡t✐♦♥✱ ✇❡ ❢♦❝✉s ♦♥ ❝♦♠♠✐t♠❡♥t ❤❡r❡❛❢t❡r✳ ❲❡ ♥♦✇

❡①❛♠✐♥❡ t❤❡ ♦♣t✐♠❛❧ ♣♦❧✐❝② ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ❞✐✛❡r❡♥t ❞❡❣r❡❡s ♦❢ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥✳ ❚♦

❜✉✐❧❞ ✐♥t✉✐t✐♦♥✱ t❤❡ ♦♣t✐♠❛❧ ♣♦❧✐❝② ✐s ✜rst ❝♦♠♣❛r❡❞ t♦ ❛ s✐♠♣❧❡ ❚❛②❧♦r ❘✉❧❡ ♦❢ ❢♦r♠ it = 2πHt✳

✺MinπHt,ỹt Wt = − 1−α
2

{

ε
ξ
π2
Ht +

1+φ

1−λ
ỹ2
t

}

s✉❜❥❡❝t t♦ πHt = κỹt + vt✳

✶✺



❉♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ✐♥st❛♥t❧② ✐♥❝r❡❛s❡s✱ ❧❡❛❞✐♥❣ t♦ ❛ ❞❡❝❧✐♥❡ ✐♥ ❝♦♥s✉♠❡r ❞❡♠❛♥❞ ❢♦r ♦✉t♣✉t

❞✉❡ t♦ t❤❡ ✉♥❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ ✐♥ ♣r✐❝❡s✳ ❉✉❡ t♦ t❤❡ ❝♦♥tr❛❝t✐♦♥ ✐♥ ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞✱ t❤❡

❈❡♥tr❛❧ ❇❛♥❦ ❢♦❧❧♦✇s ❛♥ ❡①♣❛♥s✐♦♥❛r② ♠♦♥❡t❛r② ♣♦❧✐❝②✳ ❚❤✐s ♠❛♥✐❢❡sts ✐♥ ❞✐✛❡r❡♥t ❞✐r❡❝t✐♦♥s

❢♦r t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❧❡✈❡❧ ♦❢ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥✳

❋✐rst✱ ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ✇❤❡r❡ ❛❧❧ ❛❣❡♥ts ❤♦❧❞ ❛ss❡ts✳ ■t ✐s ♦♣t✐♠❛❧ ❢♦r t❤❡ ❈❡♥tr❛❧ ❇❛♥❦ t♦

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

❞♦❡s ❢❛❧❧✱ ❜✉t ❜② ❧❡ss ✉♥❞❡r ♦♣t✐♠❛❧ ♣♦❧✐❝② ❝♦♠♣❛r❡❞ t♦ ❛ s✐♠♣❧❡ r✉❧❡ ✭❋✐❣✉r❡ ✹ ✐♥ ❆♣♣❡♥❞✐①

✼✳✷✮✳ ❚❤✐s r❡❧❛t✐✈❡ ❡①♣❛♥s✐♦♥ ✐♥ ❝♦♥s✉♠♣t✐♦♥ r❡q✉✐r❡s ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✳ ❚❤❡ ❚❛②❧♦r ❘✉❧❡✱

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

✐♥✢❛t✐♦♥✱ ❝❛✉s❡s ❛ s✉❜♦♣t✐♠❛❧ ❞❡❝❧✐♥❡ ✐♥ ♦✉t♣✉t✳ ❚❤♦✉❣❤ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ✈♦❧❛t✐❧✐t② ✐s ❧♦✇❡r

❝♦♠♣❛r❡❞ t♦ ❝♦♠♠✐t♠❡♥t✱ t❤❡ ❚❛②❧♦r ❘✉❧❡ ❧❡❛❞s t♦ ❤✐❣❤❡r ✇❡❧❢❛r❡ ❧♦ss❡s ❛s ♦✉t♣✉t ✈♦❧❛t✐❧✐t②

✐s t♦♦ ❤✐❣❤✳

◆♦✇✱ ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ✇❤❡r❡ ✼✵✪ ♦❢ ❛❣❡♥ts ❝❛♥♥♦t ❜♦rr♦✇ ❛♥❞ s❛✈❡✳ ■♥ ❝♦♥tr❛st ❤❡r❡✱ t❤❡

✐♥t❡r❡st r❛t❡ r✐s❡s ✉♥❞❡r ✉♥❞❡r ♦♣t✐♠❛❧ ♣♦❧✐❝② ✭❋✐❣✉r❡ ✺ ✐♥ ❆♣♣❡♥❞✐① ✼✳✸✮✳ ❚❤✐s✱ ❤♦✇❡✈❡r✱ ✐s

st✐❧❧ ❡①♣❛♥s✐♦♥❛r② ✈✐❛ t❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦♦♣ ❡✛❡❝t✳ ❆ss❡t ❤♦❧❞❡rs ❞❡❝r❡❛s❡ ❝♦♥s✉♠♣t✐♦♥ ✉♣♦♥ t❤❡

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

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

◆♦♥✲❛ss❡t ❤♦❧❞❡rs✱ ✐♥❞❡①❡❞ ❜② λ✱ ❝♦♥s✉♠❡ ✇❛❣❡ ✐♥❝♦♠❡ ❡❛❝❤ ♣❡r✐♦❞ ❛♥❞ t❤❡r❡❢♦r❡ ❞❡❝r❡❛s❡

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

t♦ ❛ ❣r❡❛t❡r ❝♦♥tr❛❝t✐♦♥ ✐♥ ♥♦♥✲❛ss❡t ❧❛❜♦✉r ❞❡♠❛♥❞ ❛♥❞ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❢❛❧❧ ✐♥ ✇❛❣❡s ❛♥❞

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

❡♥♦✉❣❤ t❤❛t ♣r♦✜ts ✐♥❝r❡❛s❡ ❧❡❛❞✐♥❣ t♦ ❛ ♣♦s✐t✐✈❡ ✇❡❛❧t❤ ❡✛❡❝t ❢♦r ❛ss❡t ❤♦❧❞❡rs✳

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

❧♦♦♣ s♦ t❤❛t ❡①♣❛♥s✐♦♥ ✐s ❣r❡❛t❡r ✐♥ t❤❡ ❡♥❞✳ ❚❤✐s ✐s s✉♣♣♦rt❡❞ ❜② ❛ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥ ❛t

t❤❡ ❡♥❞ ♦❢ t❤❡ ❧♦♦♣✳ ■♥ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❧♦♦♣✱ ❤♦✇❡✈❡r✱ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ r❡✐♥❢♦r❝❡s

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

❛ ❝❧♦s❡❞ ❡❝♦♥♦♠② ✭♦♣❡♥♥❡ss t❤✉s ❧❡❛❞s t♦ ❛ ❣r❡❛t❡r ❡①♣❛♥s✐♦♥ ✐♥ t❤❡ ❡♥❞✮✳ ❋✉rt❤❡r✱ ❛❦✐♥ t♦

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

✻❆s λ ✐♥❝r❡❛s❡s✱ ❛❣❣r❡❣❛t❡ ❧❛❜♦✉r s✉♣♣❧② ❡✛❡❝t✐✈❡❧② ❜❡❝♦♠❡ ♠♦r❡ ✐♥❡❧❛st✐❝ ❛s ❢❡✇❡r ♣❡♦♣❧❡ ✇♦r❦ ✉♥❞❡r ❧♦❣
✉t✐❧✐t② ✭❛s t❤❡ ❧❛❜♦✉r s✉♣♣❧② ♦❢ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ✐s ❝♦♥st❛♥t✮✳ ❊✈❡♥ ✐❢ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ✇❡r❡ t♦ ✇♦r❦ ✭❈❘❘❆
✉t✐❧✐t② ❝❛s❡✱ σ 6= 1✮✱ t❤❡ r❡❛❝t✐♦♥ ♦❢ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs t♦ η =

1−σ
1+φ

, ❡❧❛st✐❝✐t② ♦❢ ❤♦✉rs t♦ ✇❛❣❡✱ ✇♦✉❧❞ ♠♦✈❡ t❤❡
r❡❛❧ ✇❛❣❡ ✐♥ ❞✐✛❡r❡♥t ❞✐r❡❝t✐♦♥s✳ ❆❣❣r❡❣❛t❡ ❧❛❜♦✉r s✉♣♣❧② ✇♦✉❧❞ ❜❡❝♦♠❡ ♠♦r❡ ❡❧❛st✐❝ ✭s♦ t❤❛t ✇❛❣❡s ❞❡❝r❡❛s❡
❜② ❧❡ss ✉♣♦♥ ❛ ❝♦♥tr❛❝t✐♦♥❛r② s❤♦❝❦✮ ❜✉t t❤❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ✜♥❛♥❝✐❛❧❧② ❝♦♥str❛✐♥❡❞ ❛❣❡♥ts ✇♦✉❧❞ ❜❡❝♦♠❡
♠♦r❡ ❡❧❛st✐❝ ✭✐t ✇♦✉❧❞ ❢❛❧❧ ❜② ♠♦r❡ t❤❛♥ t❤❡ r❡❛❧ ✇❛❣❡✱ ❧❡❛❞✐♥❣ t♦ ❧♦✇❡r ❛❣❣r❡❣❛t❡ ❞❡♠❛♥❞✱ ❧❡❛❞✐♥❣ t♦ ✇❛❣❡s
❞❡❝r❡❛s✐♥❣ ❜② ♠♦r❡✮✳ ❚❤❡s❡ ❡✛❡❝ts ♠♦✈❡ t❤❡ r❡❛❧ ✇❛❣❡ ✐♥ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥s✱ ❧❡❛❞✐♥❣ t♦ ♥❡❣❧✐❣✐❜❧❡ ❞✐✛❡r❡♥❝❡
❢r♦♠ t❤❡ ❧♦❣ ✉t✐❧✐t② ❝❛s❡ ✭❇✐❧❜✐✐❡✱ ✷✵✵✽✮✳
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❛ r❡❝❡ss✐♦♥ ❛s ✉♥❞❡r t❤❡ ❚❛②❧♦r ❘✉❧❡✳

❋✐❣✉r❡ ✶✿ ❖♣t✐♠❛❧ P♦❧✐❝② ❉❡♣❡♥❞❡♥❝❡ ♦♥ ❆ss❡t ▼❛r❦❡t P❛rt✐❝✐♣❛t✐♦♥

❋✐❣✉r❡ ✶ ❛❜♦✈❡ ❛♥❛❧②③❡s ❤♦✇ ♦♣t✐♠❛❧ ♣♦❧✐❝② ❞❡s✐❣♥ ❞❡♣❡♥❞s ♦♥ ❞✐✛❡r❡♥t ❞❡❣r❡❡s ♦❢ ❛ss❡t ♠❛r❦❡t

♣❛rt✐❝✐♣❛t✐♦♥✳ ◆♦t❡ t❤❛t ❛♥ ♦♣t✐♠❛❧ ❡①♣❛♥s✐♦♥❛r② st❛♥❝❡ ♠♦♥❡t❛r② ♣♦❧✐❝② st❛♥❝❡ ✉♣♦♥ ❛

❝♦st✲♣✉s❤ s❤♦❝❦ r❡q✉✐r❡s ❛ ❧❡ss ❛❝❝♦♠♦❞❛t✐✈❡ ✐♥t❡r❡st r❛t❡ ❛s ✜♥❛♥❝✐❛❧ ✐♥❝❧✉s✐♦♥ ❞❡❝r❡❛s❡s✳

❋♦r ❡♥♦✉❣❤ ❛ss❡t ❤♦❧❞❡rs✱ t❤❡ ❢❛❧❧ ✐♥ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ❧❡❛❞s t♦ ❛ r❡❧❛t✐✈❡ ✐♥❝r❡❛s❡ ✐♥

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

r❡q✉✐r❡❞ t♦ ✐♥❝r❡❛s❡ ✇❤❡♥ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ✐♥❝r❡❛s❡ ✭t♦ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❧♦♦♣✮✳ ■♥❞❡❡❞✱

❛ss❡t ❤♦❧❞❡r ❝♦♥s✉♠♣t✐♦♥ ❢❛❧❧s ❜② t❤❡ ❧❡❛st ❛s λ ✐♥❝r❡❛s❡s ❞✉❡ t♦ t❤❡ ♣♦s✐t✐✈❡ ❡✛❡❝ts ♦♥ ♣r♦✜ts

❢♦r ❤✐❣❤ ❡♥♦✉❣❤ λ✳

❘❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥ ✐s t❤❡r❡❢♦r❡ r❡q✉✐r❡❞ t♦ ❜❡ ♠♦r❡ ❝♦♥t❛✐♥❡❞ ✇✐t❤ ❧♦✇❡r ❞❡❣r❡❡s ♦❢ ✜♥❛♥❝✐❛❧

✐♥❝❧✉s✐♦♥✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❧❡❛❞s t♦ t❤❡ ❧♦✇❡st ❢❛❧❧ ✐♥ ✇❛❣❡s ✈✐❛ t❤❡ s✉❜st✐t✉t✐♦♥ ❡✛❡❝t✳ ◆♦♥✲

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

❞❡♠❛♥❞ ❢❛❧❧s ❜② ❧❡ss ❛s λ ✐♥❝r❡❛s❡s✳ ❚❤✉s✱ t❤❡r❡ ✐s ❛ s♠❛❧❧❡r r❡❝❡ss✐♦♥ ✇✐t❤ ❧♦✇❡r ❛ss❡t ♠❛r❦❡t
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♣❛rt✐❝✐♣❛t✐♦♥✱ ✇❤✐❝❤ ✐s r❡q✉✐r❡❞ ✉♥❞❡r t❤❡ ♦♣t✐♠❛❧ ♣❧❛♥✳ ❈♦rr❡s♣♦♥❞✐♥❣❧②✱ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥

✐s ❛❧❧♦✇❡❞ t♦ ✐♥❝r❡❛s❡ ❜② ♠♦r❡ s✐♥❝❡ ❛ss❡t ✐♥❝♦♠❡ ❜❡❝♦♠❡s ❧❡ss r❡❧❡✈❛♥t✳ ❈P■ ✐♥✢❛t✐♦♥ ✐s ♠♦r❡

✈♦❧❛t✐❧❡ ❛s ✜♥❛♥❝✐❛❧ ✐♥❝❧✉s✐♦♥ ❞❡❝r❡❛s❡s ❞✉❡ t♦ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✳ ■♥ t❤❡ ♥❡①t s❡❝t✐♦♥✱ ✇❡

✇✐❧❧ ❛♥❛❧②③❡ ✇❤✐❝❤ s✐♠♣❧❡ r✉❧❡s ❧❡❛❞ t♦ t❤❡ ❧❡❛st ✇❡❧❢❛r❡ ❧♦ss❡s ❝♦♠♣❛r❡❞ t♦ ♦♣t✐♠❛❧ ♣♦❧✐❝② ❢♦r

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

✸✳✺ ❙❡♥s✐t✐✈✐t②

■s ♦♣t✐♠❛❧ ♣♦❧✐❝② r♦❜✉st t♦ ❞✐✛❡r❡♥t ❝❛❧✐❜r❛t✐♦♥❄ ❚❤❡ t✇♦ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st ❛r❡ t❤❡ ✐♥✈❡rs❡

❋r✐s❝❤ ❡❧❛st✐❝✐t② ♦❢ ❧❛❜♦✉r s✉♣♣❧②✱ φ✱ ❛♥❞ ❞❡❣r❡❡ ♦❢ ♦♣❡♥♥❡ss✱ α✳ ❍❡r❡✱ ✇❡ ❞✐s❝✉ss ♦♣t✐♠❛❧ ♣❧❛♥

r♦❜✉st♥❡ss ✇✐t❤ ❝♦rr❡s♣♦♥❞✐♥❣ ✜❣✉r❡s ✐♥ ❆♣♣❡♥❞✐① ✼✳✸✳

✸✳✺✳✶ ❋r✐s❝❤ ❊❧❛st✐❝✐t②

❯♣♦♥ ❛ ❝♦st✲♣✉s❤ s❤♦❝❦✱ t❤❡ tr❛❞❡♦✛ ✐♠♣r♦✈❡s ✇✐t❤ ❧♦✇❡r ❧❛❜♦✉r s✉♣♣❧② ❡❧❛st✐❝✐t② ✭❋✐❣✉r❡s ✻

❛♥❞ ✼ ✐♥ ❆♣♣❡♥❞✐① ✼✳✸✮✳✼ ◆♦t❡ t❤❛t ✈✐❛ st❛♥❞❛r❞ ❲❛❧r❛s✐❛♥ ❧❛❜♦✉r ♠❛r❦❡t ✐♥t✉✐t✐♦♥✱ ❛ ♠♦r❡

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

t❤❛t ♦✉t♣✉t ❞❡❝r❡❛s❡s ❜② t❤❡ ❧❡❛st ✐♥ ❜♦t❤ ❢✉❧❧ ❛♥❞ ✐♥❝♦♠♣❧❡t❡ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ❝❛s❡s

✭s✐♥❝❡ t❤❡ ❝♦st ♦❢ ✐♥♣✉ts ✐s ❧♦✇❡r✮✳ ❉♦♠❡st✐❝ ✐♥✢❛t✐♦♥ r✐s❡s ♠♦r❡ ✭❧❡ss✮ ✇✐t❤ ❡❧❛st✐❝✐t② ✐♥ t❤❡

❢✉❧❧ ✭✐♥❝♦♠♣❧❡t❡✮ ❝❛s❡✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♠♣❡t✐♥❣ ❡✛❡❝ts ♦♥ ✐♥✢❛t✐♦♥ ♦❢ r❡❛❧ ✇❛❣❡s ❛♥❞

t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡✳

❋r✐s❝❤ ❡❧❛st✐❝✐t② ❞✐r❡❝t❧② ✐♠♣❛❝ts ❛ ❢❡✇❡r ❢r❛❝t✐♦♥ ♦❢ ❛❣❡♥ts ❛s λ ✐♥❝r❡❛s❡s ✭r❡❝❛❧❧ ❧❛❜♦✉r s✉♣♣❧②

♦❢ ♥♦♥✲❛ss❡t ❤♦❧❞❡rs ✐s ✜①❡❞ ✲ ❛♥ ❛❧❣❡❜r❛✐❝ s✐♠♣❧✐✜❝❛t✐♦♥ t❤❛t ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ ♦♣t✐♠❛❧ ♣♦❧✐❝②

❛♥❛❧②s✐s✮✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ✐♥✐t✐❛❧ r❡❛❧ ✇❛❣❡ ❢❛❧❧ ✐s t❤❡r❡❢♦r❡ ♥♦t ❛s ♠✉❝❤ ✭❜✉t r❡❛❧ ✇❛❣❡s ❢❛❧❧

❜② ❧❡ss ♦✈❡r❛❧❧ ❞✉❡ t♦ t❤❡ ❡①♣❛♥s✐♦♥❛r② ❧♦♦♣ ❡✛❡❝t✮✳ ❚❤❡ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥ ✇✐t❤ ❧♦✇

❡❧❛st✐❝✐t② ✭✇❤✐❝❤ s✉♣♣♦rts ❛ ❧❡ss ♥❡❣❛t✐✈❡ ♦✉t♣✉t ❣❛♣✮ ❧❡❛❞s t♦ ❛ ❣r❡❛t❡r ✐♥❝r❡❛s❡ ✐♥ ✐♥✢❛t✐♦♥✳

❲❤❡♥ ❡✈❡r②♦♥❡ ❤♦❧❞s ❛ss❡ts✱ ❤♦✇❡✈❡r✱ t❤❡r❡ ✐s ❛ ❜✐❣ ❞✐✛❡r❡♥❝❡ ✐♥ ❤♦✇ ♠✉❝❤ t❤❡ r❡❛❧ ✇❛❣❡

❞❡❝❧✐♥❡s ❜❛s❡❞ ♦♥ t❤❡ ❡❧❛st✐❝✐t②✳ ❲✐t❤ ❧♦✇❡r ❡❧❛st✐❝✐t②✱ t❤❡ ❞✐st✐♥❝t❧② ❧♦✇❡r ♠❛r❣✐♥❛❧ ❝♦sts ❧❡❛❞

t♦ ❛ ❧♦✇❡r r✐s❡ ✐♥ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❞❡s♣✐t❡ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✳

✸✳✺✳✷ ❖♣❡♥♥❡ss

❲❤✐❧❡ ♦♣❡♥♥❡ss✽ ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ st❛❜✐❧✐③✐♥❣ ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ❛♥❞ t❤❡

♦✉t♣✉t ❣❛♣✱ ✐t ❝❛✉s❡s s✐❣♥✐✜❝❛♥t ❞✐✈❡r❣❡♥❝❡ ✐♥ ❝♦♥s✉♠♣t✐♦♥ ♣❛tt❡r♥s ✭❋✐❣✉r❡s ✽ ❛♥❞ ✾ ✐♥

✼❲❡ ❝❛❧✐❜r❛t❡ φ = 1 ✐♥ t❤❡ ♠❛✐♥ s✐♠✉❧❛t✐♦♥s✱ ❛♥❞ ✐♥ t❤❡ r♦❜✉st♥❡ss ❛♥❛❧②s✐s✱ ▲♦✇ ❊❧❛st✐❝✐t② ✐s φ = 5✱ ❯♥✐t
❊❧❛st✐❝✐t② ✐s φ = 1 ❛♥❞ ❍✐❣❤ ❊❧❛st✐❝✐t② ✐s φ =

1
5
✳

✽❲❡ ❝❛❧✐❜r❛t❡ α = 0.4 ✐♥ t❤❡ ♠❛✐♥ s✐♠✉❧❛t✐♦♥s ❛♥❞ ✐♥ t❤❡ r♦❜✉st♥❡ss ❛♥❛❧②s✐s✿ ❈❧♦s❡❞ ✐s α = 0✱ ❙♦♠❡✇❤❛t
❖♣❡♥ ✐s α = 0.4 ❛♥❞ ❱❡r② ❖♣❡♥ ✐s α = 0.8✳

✶✽



❆♣♣❡♥❞✐① ✼✳✸✮✳ ❆s α ✐♥❝r❡❛s❡s✱ t❤❡ ❞♦♠❡st✐❝ ❝♦♥s✉♠♣t✐♦♥ ❜❛s❦❡t ❝♦♠♣r✐s❡s ♦❢ ♠♦r❡ ✐♠♣♦rts✳

❆s t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ ❛♣♣r❡❝✐❛t❡s ✉♥❞❡r ♦♣t✐♠❛❧ ♣♦❧✐❝②✱ ✐♠♣♦rts ❛r❡ r❡❧❛t✐✈❡❧② ❝❤❡❛♣❡r ❛♥❞ t❤✉s

❞♦♠❡st✐❝ ❝♦♥s✉♠♣t✐♦♥ ✐♥❝r❡❛s❡s ✇✐t❤ α✳ ❚❤✐s ✐s s✉♣♣♦rt❡❞ ❜② ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✳ ◆♦♥✲

❛ss❡t ❤♦❧❞❡rs ❛❧s♦ ❜❡♥❡✜t ❛s t❤❡ ❡❝♦♥♦♠② ❜❡❝♦♠❡s ♠♦r❡ ♦♣❡♥ s✐♥❝❡ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥

❧❡❛❞s t♦ ❛ ❧♦✇❡r ❢❛❧❧ ✐♥ r❡❛❧ ✇❛❣❡s✳

◆♦t❡ ❛❧s♦ t❤❛t ❢♦r ❛♥② ❣✐✈❡♥ ❧❡✈❡❧ ♦❢ ♦♣❡♥♥❡ss✱ r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥ ❛♥❞ t❤❡ ❢❛❧❧ ✐♥ r❡❛❧ ✇❛❣❡s ❛r❡

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

✐s ❜❡❝❛✉s❡ ♦❢ t❤❡ ❡①♣❛♥s✐♦♥❛r② ❧♦♦♣ ❡✛❡❝t ✇❤❡♥ ✜♥❛♥❝✐❛❧ ✐♥❝❧✉s✐♦♥ ✐s ♥♦t ❝♦♠♣❧❡t❡✳ ❉❡s♣✐t❡

❤✐❣❤❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✱ ❈P■ ✐♥✢❛t✐♦♥ ✈♦❧❛t✐❧✐t② ✐s ❧♦✇❡r ✐♥ ❜♦t❤ ❢✉❧❧ ❛♥❞ ❧✐♠✐t❡❞ ♣❛rt✐❝✐♣❛t✐♦♥

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

✐♠♣♦rt ❣♦♦❞s✳

✹ ■♥✢❛t✐♦♥ ❚❛r❣❡t✐♥❣❄

❚❤✐s s❡❝t✐♦♥ ♥✉♠❡r✐❝❛❧❧② ❡✈❛❧✉❛t❡s t❤❡ ✇❡❧❢❛r❡ ♣r♦♣❡rt✐❡s ♦❢ ❛❧t❡r♥❛t❡ s✐♠♣❧❡ ❛♥❞ ✐♠♣❧❡♠❡♥t❛❜❧❡

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

♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐s ❞✐✣❝✉❧t t♦ ✐♠♣❧❡♠❡♥t ✐♥ ♣r❛❝t✐❝❡✱ ❛s ✐t ♦❢t❡♥ ✐♥✈♦❧✈❡s t❛r❣❡t✐♥❣

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

✇❡ ❝♦♥s✐❞❡r ❛r❡ ✏s✐♠♣❧❡✑ ❛♥❞ ✏✐♠♣❧❡♠❡♥t❛❜❧❡✑ ✐♥ t❤❡ s❡♥s❡ t❤❛t t❤❡② ♠❛② ❜❡ ❝♦♥s✐❞❡r❡❞ t❤❡

❉❙●❊ ♠♦❞❡❧ ❡q✉✐✈❛❧❡♥t ♦❢ r✉❧❡s t❤❛t ♣♦❧✐❝②♠❛❦❡rs ❢♦❧❧♦✇ ✐♥ ♣r❛❝t✐❝❡✳ ❲❡ ❛r❡ s♣❡❝✐✜❝❛❧❧②

✐♥t❡r❡st❡❞ ✐♥ ❛♥❛❧②③✐♥❣ ✇❤✐❝❤ s✐♠♣❧❡ r✉❧❡ ❧❡❛❞s t♦ t❤❡ ❧♦✇❡st ✇❡❧❢❛r❡ ❧♦ss r❡❧❛t✐✈❡ t♦ ♦♣t✐♠❛❧

♣♦❧✐❝② ✈✐❛ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛

Lλ =
W T

λ −W ∗
λ

W ∗
λ

✭✷✸✮

✇❤❡r❡ W ∗ ✐s t❤❡ ✇❡❧❢❛r❡ ❧♦ss ❞✉❡ t♦ ♦♣t✐♠❛❧ ♣♦❧✐❝② ✭♥❡✈❡r ✵ ❛s ❝♦st✲♣✉s❤ s❤♦❝❦s ❣❡♥❡r❛t❡ ❛

s❤♦rt✲r✉♥ tr❛❞❡✲♦✛✮✱ W T ✐s t❤❡ ✇❡❧❢❛r❡ ❧♦ss ❞✉❡ t♦ t❤❡ s✐♠♣❧❡ r✉❧❡ T ❛♥❛❧②③❡❞✱ ❛♥❞ ✇❡❧❢❛r❡

❧♦ss❡s ❛r❡ ❝♦♠♣✉t❡❞ ❢♦r ❜♦t❤ ❢✉❧❧ ✭λ = 0✮ ❛♥❞ ✐♥❝♦♠♣❧❡t❡ ✭λ = 0.7✮ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥

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

st❛❜✐❧✐③✐♥❣ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦r❡ ❧❡❛❞s t♦ ❧♦✇❡r ✇❡❧❢❛r❡ ❧♦ss❡s ✐♥ ❛♥ ❡❝♦♥♦♠② ✇✐t❤ ✐♥❝♦♠♣❧❡t❡

❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥✳✾ ▼♦r❡♦✈❡r✱ str✐❝t ❈P■ ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣ ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❛ ✢♦❛t

✾❲❤❡♥ ❡✈❡r②♦♥❡ ❤♦❧❞s ❛ss❡ts✱ ❞♦♠❡st✐❝ ✭❈P■✮ ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✭❞❡❝r❡❛s❡✮ ✐♥ t❤❡
♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡✳ ✭❈P■ ■❚ r❡q✉✐r❡s ❛ ❧♦✇❡r ❡①♣❡♥❞✐t✉r❡ s✇✐t❝❤✐♥❣ ❡✛❡❝t ✲ t❤✐s ♥❡❡❞s ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡
♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ t♦ s✉♣♣♦rt ❛ ❧♦✇❡r ❢❛❧❧ ✐♥ ♦✉t♣✉t ❛♥❞ ❤❡♥❝❡ ❛ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✮✳ ■♥❝❧✉❞✐♥❣ t❤❡
♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥ t❤❡ t❛r❣❡t✐♥❣ r✉❧❡ ✐♥ t❤❡ ❞♦♠❡st✐❝ ■❚ ❝❛s❡ ❡✐t❤❡r ❧❡❛❞s t♦ ❤✐❣❤❡r ✇❡❧❢❛r❡ ❧♦ss❡s ✐♥

✶✾



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

❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ✐s ✐♥❝♦♠♣❧❡t❡✳

❚❛❜❧❡ ✶✿ ❲❡❧❢❛r❡ ▲♦ss ❘❡❧❛t✐✈❡ t♦ ❖♣t✐♠❛❧ P♦❧✐❝②

❙✐♠♣❧❡ ❘✉❧❡ L0✲ ❋✉❧❧ P❛rt✐❝✐♣❛t✐♦♥ L0.7✲ ▲✐♠✐t❡❞ P❛rt✐❝✐♣❛t✐♦♥

❙tr✐❝t ■❚ ✭❈P■✮

πt = 0 ✼✳✾ ✷✸✳✻

❙tr✐❝t ■❚ ✭❞♦♠❡st✐❝✮

πHt = 0 ✶✷✳✻ ✺✶✳✾

❋✐①❡❞ ❡①❝❤❛♥❣❡ r❛t❡

∆et = 0 ✺✻✳✷ ✾✳✻

❋❧❡①✐❜❧❡ ■❚ ✭❈P■✮

i = 1.5πt ✷✶✳✽ ✷✻✳✶

i = 1.5πt + 2∆et ✷✾✳✹ ✶✹✳✽

i = 1.5πt + 4∆et ✸✾✳✻ ✶✷✳✻

i = 1.5πt + 6∆et ✹✹✳✷ ✶✶✳✼

❋❧❡①✐❜❧❡ ■❚ ✭❞♦♠❡st✐❝✮

i = 1.5πHt ✽✸✳✼ ✹✷✳✶

i = 1.5πHt + 2∆et ✶✹✳✾ ✶✾✳✹

i = 1.5πHt + 4∆et ✷✾✳✸ ✶✹✳✾

i = 1.5πHt + 6∆et ✸✻✳✻ ✶✸✳✷

❆s ❛♥❛❧②③❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ t❤❡ ♦✉t♣✉t ❣❛♣ s❤♦✉❧❞ ❜❡ st❛❜✐❧✐③❡❞ ❜② ♠♦r❡ ❛s ❛ss❡t

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

♣❛rt✐❝✐♣❛t✐♦♥ ❝❛s❡✳ ❆ s✐♠♣❧❡ r✉❧❡ t❤❛t ❝❛♥ ❛♣♣r♦①✐♠❛t❡ t❤❡ ♦♣t✐♠❛❧ ♣♦❧✐❝② ❢♦r ❤✐❣❤ λ ✐s

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

♣❡❣ ✐s✱ ❤♦✇❡✈❡r✱ ❤✐❣❤❧② ✐♥❛♣♣r♦♣r✐❛t❡ ✇❤❡♥ ❡✈❡r②♦♥❡ ❝❛♥ s❛✈❡ ❛♥❞ ❜♦rr♦✇✳ ■t ❧❡❛❞s t♦ ❤✐❣❤

❣❡♥❡r❛❧✱ ❡①❝❡♣t ❢♦r ❧♦✇ ✇❡✐❣❤t ♦♥ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✲ ❤❡r❡✱ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ r✐s❡s ❜② ❛ ❜✐t ❧❡ss s♦ t❤❛t
t❤❡ ♦✉t♣✉t ❣❛♣ ❞♦❡s♥✬t ❞❡❝r❡❛s❡ ❛s ♠✉❝❤✳ ❋♦r ❤✐❣❤❡r ✇❡✐❣❤ts ♦♥ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡✱ ♦✉t♣✉t ❝♦♥t✐♥✉❡ t♦ ❢❛❧❧ ❜②
❧❡ss ❜✉t ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ ✐♥❝r❡❛s❡s t♦♦ ♠✉❝❤ ❞✉❡ t♦ ❧♦✇❡r r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥✳

✷✵



❛♥❞ ❝♦st❧② ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ t❤❛t ❡r♦❞❡s ❛ss❡t ✈❛❧✉❡s✳ ❉♦♠❡st✐❝ ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣ ✐s ❛❧s♦ ♥♦t

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

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

❧❡❛❞s t♦ ❛ s✉❜♦♣t✐♠❛❧ ♣❧✉♠♠❡t ♦❢ ♦✉t♣✉t✳

❈P■ ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣✱ ✐♥ ❝♦♥tr❛st✱ ❞♦❡s ♥♦t r❡q✉✐r❡ ❛♥ ❡①♣❡♥❞✐t✉r❡✲s✇✐t❝❤✐♥❣ ❡✛❡❝t ♦❢ t❤❡

s❛♠❡ ♠❛❣♥✐t✉❞❡ ❛s ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣ ❛s ✐t st❛❜✐❧✐③❡s ❜♦t❤ ❞♦♠❡st✐❝ ❛♥❞ ✐♠♣♦rt

♣r✐❝❡s✳ ❚❤✉s✱ r❡❛❧ ❛♣♣r❡❝✐❛t✐♦♥ ✐s ❧♦✇❡r✳ ❆❧t❤♦✉❣❤ t❤✐s ✐♠♣❧✐❡s ✐♠♣❧✐❡s ❤✐❣❤❡r ❞♦♠❡st✐❝ ✐♥✢❛t✐♦♥

✈♦❧❛t✐❧✐t②✱ t❤❡ r❡❝❡ss✐♦♥ ✐s ♠✉❝❤ s♠❛❧❧❡r✱ ❡♥❣❡♥❞❡r✐♥❣ ❛ ❧♦✇❡r tr❛❞❡✲♦✛ ✐♥ t❤❡ ❢✉❧❧ ♣❛rt✐❝✐♣❛t✐♦♥

❝❛s❡✳ ❚❤❡ ❝❛s❡ ❢♦r ❈P■ ■❚ ❞❡❝r❡❛s❡s✱ ❤♦✇❡✈❡r✱ ✇✐t❤ t❤❡ ❞❡❣r❡❡ ♦❢ ✜♥❛♥❝✐❛❧ ❡①❝❧✉s✐♦♥✳

✺ ❈♦♥❝❧✉s✐♦♥

❚❤✐s st✉❞② ❛♥❛❧②③❡❞ t❤❡ ❞❡s✐❣♥ ♦❢ ♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠② ❉❙●❊ ♠♦❞❡❧

✇❤❡r❡ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ✐s ❧✐♠✐t❡❞✳ ❲❡ ✜♥❞ t❤❛t ✇❤✐❧❡ ❈P■ ✐♥✢❛t✐♦♥ t❛r❣❡t✐♥❣✱ ❛❧♦♥❣

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

♣❧❛❝❡ ❣r❡❛t❡r ✇❡✐❣❤t ♦♥ st❛❜✐❧✐③✐♥❣ t❤❡ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ❛s ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥

❞❡❝❧✐♥❡s✳ ❚❤❡s❡ r❡s✉❧ts ♠❛② ❤❛✈❡ s♦♠❡ r❡❧❡✈❛♥❝❡ ❢♦r t❤❡ ❘❇■ ✐♥ t❤❡ tr❛♥s✐t✐♦♥ t♦ ❛ ❢✉❧❧✲✢❡❞❣❡❞

■❚ r❡❣✐♠❡ ✇✐t❤ ❧✐♠✐t❡❞ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥t❡r✈❡♥t✐♦♥s✳ ●✐✈❡♥ t❤❛t ✼✺✪ ♦❢ ❤♦✉s❡❤♦❧❞s ✐♥ ■♥❞✐❛

❞♦ ♥♦t ♣❛rt✐❝✐♣❛t❡ ✐♥ ✜♥❛♥❝✐❛❧ ♠❛r❦❡ts ❞❡s♣✐t❡ r❡❝❡♥t ❣♦✈❡r♥♠❡♥t ❡✛♦rts t♦ ♦♣❡♥ ✉♣ ❜❛♥❦

❛❝❝♦✉♥ts✱ ✐t ♠❛② ❜❡ ✉s❡❢✉❧ t♦ ❝♦♥s✐❞❡r ❞❡❧❛②✐♥❣ t❤❡ tr❛♥s✐t✐♦♥ t♦ ❛ ❢✉❧❧② ❢r❡❡ ✢♦❛t✳ ■❢ ♥❡❡❞❡❞

t♦ tr❛♥s✐t✐♦♥ q✉✐❝❦❧② t♦ ✢♦❛t✱ t❤✐s ♣❛♣❡r ✐♠♣❧✐❡s t❤❛t ❧♦✇❡r s♦❝✐❡t❛❧ ✇❡❧❢❛r❡ ❧♦ss❡s ✇♦✉❧❞ ❜❡

❛tt❛✐♥❡❞ ✐❢ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ✇❡r❡ t♦ ✐♥❝r❡❛s❡✳

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

r❡str✐❝t❡❞ ❛ss❡t ♠❛r❦❡t ❝❤❛♥♥❡❧ ♦♥ ♠♦♥❡t❛r② ♣♦❧✐❝② ❝❤♦✐❝❡s✱ ✇❡ ❛❜str❛❝t ❢r♦♠ ♦t❤❡r ♣♦t❡♥t✐❛❧❧②

r❡❧❡✈❛♥t ❡♠♣✐r✐❝❛❧ ❢❡❛t✉r❡s✳ ■♥ ❢✉t✉r❡ ✇♦r❦✱ ✐t ✇♦✉❧❞ ❜❡ ✉s❡❢✉❧ t♦ ♠♦❞❡❧ ❧✐♠✐t❡❞ ❝❛♣✐t❛❧ ♠♦❜✐❧✐t②

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

♥♦♠✐♥❛❧ ✇❛❣❡ r✐❣✐❞✐t✐❡s ✭✇❤✐❝❤ ✇♦✉❧❞ ✇❡❛❦❡♥ s♦♠❡ ♦❢ t❤❡ ❧♦♦♣ ❡✛❡❝ts ❞✐s❝✉ss❡❞✮ t♦ ✉♥❞❡rst❛♥❞

t❤❡✐r ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ❧✐♠✐t❡❞ ❛ss❡t ♠❛r❦❡t ♣❛rt✐❝✐♣❛t✐♦♥ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r

♦♣t✐♠❛❧ ♣♦❧✐❝②✳ ❆♥ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥ t❤✐s ♣❛♣❡r

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

▼✐♥✐str② ♦❢ ■♥❞✐❛ ✐s ❝♦♥s✐❞❡r✐♥❣ ✜s❝❛❧ ❝♦♥s♦❧✐❞❛t✐♦♥✳
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✻ ❘❡❢❡r❡♥❝❡s

❆♥❛♥❞✱ ❘✳✱ P❡✐r✐s✱ ❙✳ ❛♥❞ ❙❛①❡❣❛❛r❞✱ ▼✳ ✭✷✵✶✵✮✳ ❆♥ ❊st✐♠❛t❡❞ ▼♦❞❡❧ ✇✐t❤ ▼❛❝r♦✜♥❛♥❝✐❛❧

▲✐♥❦❛❣❡s ❢♦r ■♥❞✐❛✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞✱ ■▼❋ ❲♦r❦✐♥❣ P❛♣❡r ✶✵✴✷✶✳

❆s❝❛r✐✱ ●✳✱ ❈♦❧❝✐❛❣♦✱ ❆✳ ❛♥❞ ❘♦ss✐✱ ▲ ✭✷✵✶✵✮✳ ▲✐♠✐t❡❞ ❆ss❡t ▼❛r❦❡t P❛rt✐❝✐♣❛t✐♦♥✿ ❉♦❡s
✐t ❘❡❛❧❧② ▼❛tt❡r ❢♦r ▼♦♥❡t❛r② P♦❧✐❝②❄ ❯♥✐✈❡rs✐t② ♦❢ P❛✈✐❛✱ ❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞
◗✉❛♥t✐t❛t✐✈❡ ▼❡t❤♦❞s✱ ◗✉❛❞❡r♥✐ ❞✐ ❉✐♣❛rt✐♠❡♥t♦ ✶✷✹✳

❇❛♥❡r❥❡❡✱ ❙✳ ❛♥❞ ❇❛s✉✱ P✳ ✭✷✵✶✺✮✳ ❆ ❉②♥❛♠✐❝ ❙t♦❝❤❛st✐❝ ●❡♥❡r❛❧ ❊q✉✐❧✐❜r✐✉♠ ▼♦❞❡❧ ❢♦r ■♥❞✐❛✳

◆❛t✐♦♥❛❧ ❈♦✉♥❝✐❧ ♦❢ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✱ ◆❈❆❊❘ ❲♦r❦✐♥❣ P❛♣❡r ✶✵✾✳

❇❛t✐♥✐✳ ◆✳✱ ●❛❜r✐❡❧✱ ❱✳✱ ▲❡✈✐♥❡✱ P✳ ❛♥❞ P❡❛r❧♠❛♥✱ ❏✳ ✭✷✵✶✵✮✳ ❆ ❋❧♦❛t✐♥❣ ✈❡rs✉s ▼❛♥❛❣❡❞

❊①❝❤❛♥❣❡ ❘❛t❡ ❘❡❣✐♠❡ ✐♥ ❛ ❉❙●❊ ▼♦❞❡❧ ♦❢ ■♥❞✐❛✳ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ P✉❜❧✐❝ ❋✐♥❛♥❝❡ ❛♥❞

P♦❧✐❝②✱ ◆■P❋P ❲♦r❦✐♥❣ P❛♣❡r ✶✵✴✼✵✳

❇❡♥✐❣♥♦✱ P✳ ❛♥❞ ❲♦♦❞❢♦r❞✱ ▼✳ ✭✷✵✶✷✮✳ ▲✐♥❡❛r✲◗✉❛❞r❛t✐❝ ❆♣♣r♦①✐♠❛t✐♦♥ ♦❢ ❖♣t✐♠❛❧ P♦❧✐❝②
Pr♦❜❧❡♠s✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❚❤❡♦r②✱ ✈♦❧✳ ✶✹✼✭✶✮✱ ♣♣✳ ✶✲✹✷✳

❇✐❧❜✐✐❡✱ ❋✳ ❖✳ ✭✷✵✵✽✮✳ ▲✐♠✐t❡❞ ❆ss❡t ▼❛r❦❡ts P❛rt✐❝✐♣❛t✐♦♥✱ ▼♦♥❡t❛r② P♦❧✐❝② ❛♥❞ ✭■♥✈❡rt❡❞✮
❆❣❣r❡❣❛t❡ ❉❡♠❛♥❞ ▲♦❣✐❝✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❚❤❡♦r②✱ ✶✹✵✭✶✮✱ ♣♣✳ ✶✻✷✲✶✾✻✳

❇❧❛♥❝❤❛r❞✱ ❖✳ ❛♥❞ ●❛❧✐✱ ❏✳ ✭✷✵✵✺✮✳ ❘❡❛❧ ❲❛❣❡ ❘✐❣✐❞✐t✐❡s ❛♥❞ t❤❡ ◆❡✇ ❑❡②♥❡s✐❛♥ ▼♦❞❡❧✳

◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡rs ✶✶✽✵✻✳

❇♦❡r♠❛✱ ❏✳ ✭✷✵✶✹✮✳ ❖♣❡♥♥❡ss ❛♥❞ t❤❡ ✭■♥✈❡rt❡❞✮ ❆❣❣r❡❣❛t❡ ❉❡♠❛♥❞ ▲♦❣✐❝✳ ◆❡t❤❡r❧❛♥❞s
❈❡♥tr❛❧ ❇❛♥❦✱ ❘❡s❡❛r❝❤ ❉❡♣❛rt♠❡♥t✱ ❉◆❇ ❲♦r❦✐♥❣ P❛♣❡r ✹✸✻✳

●❛❧✐✱ ❏✳ ❛♥❞ ▼♦♥❛❝❡❧❧✐✱ ❚✳ ✭✷✵✵✺✮✳ ▼♦♥❡t❛r② P♦❧✐❝② ❛♥❞ ❊①❝❤❛♥❣❡ ❘❛t❡ ❱♦❧❛t✐❧✐t② ✐♥ ❛ ❙♠❛❧❧
❖♣❡♥ ❊❝♦♥♦♠②✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s ✼✷✭✸✮✱ ♣♣✳ ✷✵✷✲✼✸✹✳

●❛❧✐✱ ❏✳✱ ▲♦♣❡③✲❙❛❧✐❞♦✱ ❏✳❉✳ ❛♥❞ ❱❛❧❧❡s✱ ❏✳ ✭✷✵✵✼✮✳ ❯♥❞❡rst❛♥❞✐♥❣ t❤❡ ❊✛❡❝ts ♦❢ ●♦✈❡r♥♠❡♥t
❙♣❡♥❞✐♥❣ ♦♥ ❈♦♥s✉♠♣t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❆ss♦❝✐❛t✐♦♥✱ ✺✭✶✮✱ ♣♣✳ ✷✷✼✲✷✼✵✳

●❛❧✐✱ ❏✳ ✭✷✵✵✽✮ ▼♦♥❡t❛r② P♦❧✐❝②✱ ■♥✢❛t✐♦♥✱ ❛♥❞ t❤❡ ❇✉s✐♥❡ss ❈②❝❧❡✿ ❆♥ ■♥tr♦❞✉❝t✐♦♥ t♦ t❤❡
◆❡✇ ❑❡②♥❡s✐❛♥ ❋r❛♠❡✇♦r❦✳ Pr✐♥❝❡t♦♥ ❯♥✐✈❡rs✐t② Pr❡ss✳

❊s❡r✱ ❋ ✭✷✵✵✾✮✳ ▼♦♥❡t❛r② P♦❧✐❝② ✐♥ ❛ ❈✉rr❡♥❝② ❯♥✐♦♥ ✇✐t❤ ❍❡t❡r♦❣❡♥❡♦✉s ▲✐♠✐t❡❞ ❆ss❡t
▼❛r❦❡ts P❛rt✐❝✐♣❛t✐♦♥✳ ❯♥✐✈❡rs✐t② ♦❢ ❖①❢♦r❞✱ ❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✱ ❊❝♦♥♦♠✐❝s ❙❡r✐❡s
❲♦r❦✐♥❣ P❛♣❡r ✹✻✹✳

▼✐♥✐str② ♦❢ ❋✐♥❛♥❝❡ ✭✷✵✶✷✮✳ ❆♥ ❖✈❡r✈✐❡✇ ♦❢ ❋✐♥❛♥❝✐❛❧ ■♥❝❧✉s✐♦♥✳ ❉❡♣❛rt♠❡♥t ♦❢ ❋✐♥❛♥❝✐❛❧
❙❡r✈✐❝❡s✱ ▼✐♥✐str② ♦❢ ❋✐♥❛♥❝❡✱ ●♦✈❡r♥♠❡♥t ♦❢ ■♥❞✐❛✳

▼♦❤❛♥t②✱ ❇✳ ❛♥❞ ❇❤❛♥✉♠✉rt❤②✱ ◆✳❘✳ ✭✷✵✶✹✮✳ ❊①❝❤❛♥❣❡ ❘❛t❡ ❘❡❣✐♠❡s ❛♥❞ ■♥✢❛t✐♦♥✿ ❊✈✐❞❡♥❝❡

❢r♦♠ ■♥❞✐❛✳ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✷✽✭✷✮✱ ♣♣✳ ✸✶✶✲✸✸✷✳

✷✷



❲❊❖ ✭✷✵✵✺✮✳ ❉♦❡s ■♥✢❛t✐♦♥ ❚❛r❣❡t✐♥❣ ❲♦r❦ ✐♥ ❊♠❡r❣✐♥❣ ▼❛r❦❡ts❄ ❲♦r❧❞ ❊❝♦♥♦♠✐❝ ❖✉t❧♦♦❦✱
❲❛s❤✐♥❣t♦♥ ❉❈✿ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞✳

❘❛❥❛♥✱ ❘✳ ✭✷✵✶✸✮✳ ❙t❛t❡♠❡♥t ♦♥ t❛❦✐♥❣ ♦✣❝❡ ♦♥ ❙❡♣t❡♠❜❡r ✹✱ ✷✵✶✸✳ ❘❡s❡r✈❡ ❇❛♥❦ ♦❢ ■♥❞✐❛✳

❘❇■ ✭✷✵✶✷✮✳ ❘❡s❡r✈❡ ❇❛♥❦ ♦❢ ■♥❞✐❛ ❆♥♥✉❛❧ ❘❡♣♦rt✱ ❘❡s❡r✈❡ ❇❛♥❦ ♦❢ ■♥❞✐❛✳

❙✉❜❜❛r❛♦✱ ❉✳ ✭✷✵✶✸✮✳ ❈❡♥tr❛❧ ❇❛♥❦✐♥❣ ✐♥ ❊♠❡r❣✐♥❣ ❊❝♦♥♦♠✐❡s ✕ ❊♠❡r❣✐♥❣ ❈❤❛❧❧❡♥❣❡s✳ ❙♣❡❡❝❤

❉❡❧✐✈❡r❡❞ ❛t ❊✉r♦♣❡❛♥ ❊❝♦♥♦♠✐❝s ❛♥❞ ❋✐♥❛♥❝✐❛❧ ❈❡♥tr❡✱ ▲♦♥❞♦♥✱ ❏✉❧② ✶✼✱ ✷✵✶✸✳

❲♦♦❞❢♦r❞✱ ▼✳ ✭✷✵✵✸✮✱ ■♥t❡r❡st ❛♥❞ Pr✐❝❡s✱ Pr✐♥❝❡t♦♥✱ ◆❏✿ Pr✐♥❝❡t♦♥ ❯♥✐✈❡rs✐t② Pr❡ss✳

❲♦r❧❞ ❇❛♥❦ ✭✷✵✶✷✮✳ ●❧♦❜❛❧ ❋✐♥❛♥❝✐❛❧ ❉❡✈❡❧♦♣♠❡♥t ❘❡♣♦rt✿ ❋✐♥❛♥❝✐❛❧ ■♥❝❧✉s✐♦♥✳ ❲❛s❤✐♥❣t♦♥
❉❈✿ ❲♦r❧❞ ❇❛♥❦✳

✼ ❆♣♣❡♥❞✐①

✼✳✶ ❊q✉✐❧✐❜r✐✉♠

❚❤❡ ♠♦❞❡❧ ✐s s♦❧✈❡❞ ❜② t❛❦✐♥❣ ✜rst✲♦r❞❡r ❚❛②❧♦r ❆♣♣r♦①✐♠❛t✐♦♥s ♦❢ t❤❡ ✭st❛t✐♦♥❛r✐③❡❞✮ ♥♦♥✲

❧✐♥❡❛r ❡q✉✐❧✐❜r✐✉♠ ❡q✉❛t✐♦♥s ❛r♦✉♥❞ ❛ ③❡r♦ ✐♥✢❛t✐♦♥ st❡❛❞② st❛t❡ ✇✐t❤ r❡❧❛t✐✈❡ ♣r✐❝❡s ♥♦r♠❛❧✐③❡❞

t♦ ✶✳ ❚❤✐s ②✐❡❧❞s t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♠♣❡r❢❡❝t❧② ❝♦♠♣❡t✐t✐✈❡ ❧✐♥❡❛r✐③❡❞ ❡q✉✐❧✐❜r✐✉♠ ✭✇❤❡r❡ p̂it ❞❡♥♦t❡s

t❤❡ ❧✐♥❡❛r✐③❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ pit =
Pit

Pt
✮✳ ❚❤❡ ♦♥❧② r❡❧❛t✐✈❡ ♣r✐❝❡ ♥❡❡❞❡❞ t♦ ♣✐♥

❞♦✇♥ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ✐s sHt✱ ✇❤✐❝❤ ✐s t❤❡ ❧✐♥❡❛r✐③❡❞ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ✐♠♣♦rt❡❞ t♦ ❞♦♠❡st✐❝❛❧❧②

♣r♦❞✉❝❡❞ ❣♦♦❞s✳

❍♦✉s❡❤♦❧❞s

cot = cot+1 − (it − πt+1)

cot = c∗t + (1− α)sHt

wt = cot + φnot

cft = ωt

nft = 0

cHt = −p̂Ht + ct

cFt = −p̂Ft + ct

❋✐r♠s

πHt = βπH,t+1 + ξmct + vt

mct = wt − ˆpHt − at

✷✸



yt = at + nt

Pr✐❝❡s

0 = (1− α)p̂Ht + αp̂Ft

πHt − πt = p̂Ht − p̂Ht−1

p̂Ht = −αsHt

p̂Ft = (1− α)sHt

▼❛r❦❡t✲❝❧❡❛r✐♥❣ ❛♥❞ ❛❝❝♦✉♥t✐♥❣

yt = ct + αsHt

ct = (1− λ)cot + λcft

nt = (1− λ)not

nxt = yt − αsHt − ct

▼♦♥❡t❛r② ♣♦❧✐❝②

it = φππt + φπH
πHt + φe∆et

❊①♦❣❡♥♦✉s ♣r♦❝❡ss❡s

vt = ρvvt−1 + εvt

at = ρaat−1 + εat

✷✹



✼✳✷ ❉②♥❛♠✐❝s

❋✐❣✉r❡ ✷✿ ❈♦♠♠✐t♠❡♥t ❱❡rs✉s ❉✐s❝r❡t✐♦♥ ✭❋✉❧❧ P❛rt✐❝✐♣❛t✐♦♥✮

❋✐❣✉r❡ ✸✿ ❈♦♠♠✐t♠❡♥t ❱❡rs✉s ❉✐s❝r❡t✐♦♥ ✭▲✐♠✐t❡❞ P❛rt✐❝✐♣❛t✐♦♥✮

✷✺



❋✐❣✉r❡ ✹✿ ❈♦♠♠✐t♠❡♥t ❱❡rs✉s ❚❛②❧♦r ❘✉❧❡ ✭❋✉❧❧ P❛rt✐❝✐♣❛t✐♦♥✮

❋✐❣✉r❡ ✺✿ ❈♦♠♠✐t♠❡♥t ❱❡rs✉s ❚❛②❧♦r ❘✉❧❡ ✭▲✐♠✐t❡❞ P❛rt✐❝✐♣❛t✐♦♥✮

✷✻



✼✳✸ ❙❡♥s✐t✐✈✐t②

❋✐❣✉r❡ ✻✿ ❋r✐s❝❤ ❊❧❛st✐❝✐t② ✭❋✉❧❧ P❛rt✐❝✐♣❛t✐♦♥✮

❋✐❣✉r❡ ✼✿ ❋r✐s❝❤ ❊❧❛st✐❝✐t② ✭▲✐♠✐t❡❞ P❛rt✐❝✐♣❛t✐♦♥✮

✷✼



❋✐❣✉r❡ ✽✿ ❖♣❡♥♥❡ss ✭❋✉❧❧ P❛rt✐❝✐♣❛t✐♦♥✮

❋✐❣✉r❡ ✾✿ ❖♣❡♥♥❡ss ✭▲✐♠✐t❡❞ P❛rt✐❝✐♣❛t✐♦♥✮

✷✽



✼✳✹ ▲♦ss ❋✉♥❝t✐♦♥

❚♦ ❝❤❛r❛❝t❡r✐③❡ ♦♣t✐♠❛❧ ♠♦♥❡t❛r② ♣♦❧✐❝② ✐♥ t❤❡ ❝♦♥str❛✐♥❡❞ ❡✣❝✐❡♥t ❝❛s❡✱ ✇❡ ❢♦❧❧♦✇ t❤❡ ❛♣✲

♣r♦❛❝❤ ♦❢ ❇❡♥✐❣♥♦ ❛♥❞ ❲♦♦❞❢♦r❞ ✭✷✵✶✷✮✱ ✇❤✐❝❤ ❡❧✐♠✐♥❛t❡s ❧✐♥❡❛r t❡r♠s ✐♥ t❤❡ ❧♦ss ❢✉♥❝t✐♦♥

❜② ✉s✐♥❣ s❡❝♦♥❞✲♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥s ♦❢ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❛❣❣r❡❣❛t❡ ✉t✐❧✐t②

❢✉♥❝t✐♦♥ ✐s ❛s ❢♦❧❧♦✇s ✇✐t❤ U i = U(Ci
t , N

i
t ) = LnCi

t − N i1+φ
t /(1 + φ), i = {o, f} ❛♥❞ ✇❡✐❣❤ts

♦♥ ❡❛❝❤ ❤♦✉s❡❤♦❧❞✬s ✉t✐❧✐t② ❞❡t❡r♠✐♥❡❞ ❜② λ

Ut = λUf
t + (1− λ)Uo

t

◆♦t✐♥❣ t❤❛t t.i.p. ❞❡♥♦t❡s t❡r♠s ✐♥❞❡♣❡♥❞❡♥t ♦❢ ♣♦❧✐❝②✱ o(3) ❝♦♥t❛✐♥s ❛❧❧ t❡r♠s ♦❢ ♦r❞❡r ❤✐❣❤❡r

t❤❛♥ t✇♦✱ ❛♥❞ xt = x̃t + xet ✱ ✐t ✐s str❛✐❣❤t❢♦r✇❛r❞ t♦ ❞❡r✐✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝♦♥❞✲♦r❞❡r ❛♣♣r♦①✐✲

♠❛t✐♦♥

Ut − U

UCC
= c̃t +

UN

UC

N

C
ñt +

UN

UC

N

C

(1 + φ)

(1− λ)
ñtn

e
t +

UN

UC

N

C

(1 + φ)

2(1− λ)
ñ2t + t.i.p.+ o(3)

❚♦ ❡❧✐♠✐♥❛t❡ t❤❡ ❧✐♥❡❛r t❡r♠ UN

UC

N
C ñt✱ ✇❡ ❝❛♥ ✉s❡ t❤❡ ✭❡①❛❝t❧② ❧♦❣✲❧✐♥❡❛r✮ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥

ñt = ỹt + ∆t ❛❧♦♥❣ ✇✐t❤ t❤❡ r❡s✉❧t ✐♥ ❲♦♦❞❢♦r❞ ✭✷✵✵✸✮ t❤❛t ∆t = ε
2ξπ

2
Ht✳ ◆♦t❡ ❛❧s♦ t❤❛t

ñ2t = ỹ2t ❛♥❞ t❤❛t net = 0 s✐♥❝❡ t❤❡ ♥❛t✉r❛❧ ❡q✉✐❧✐❜r✐✉♠ ✐s ❡✣❝✐❡♥t

Ut − U

UCC
= c̃t +

UN

UC

N

C
ỹt +

UN

UC

N

C

(

(1 + φ)

2(1− λ)
ỹ2t +

ε

2ξ
π2Ht

)

t.i.p.+ o(3)

❯s✐♥❣ t❤❡ ✭❡①❛❝t❧② ❧♦❣✲❧✐♥❡❛r✮ r❡s♦✉r❝❡ ❝♦♥str❛✐♥t✿ Yt = CtS
α
Ht✿ ỹt = c̃t + αs̃Ht + t.i.p+ o(3)

Ut − U

UCC
= ỹt − αs̃Ht +

UN

UC

N

C
ỹt +

UN

UC

N

C

(

(1 + φ)

2(1− λ)
ỹ2t +

ε

2ξ
π2Ht

)

t.i.p.+ o(3)

❯s❡ ỹt = c̃t +αs̃Ht + t.i.p+ o(3)✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ✭❡①❛❝t❧② ❧♦❣✲❧✐♥❡❛r✮ ✐♥t❡r♥❛t✐♦♥❛❧ r✐s❦ s❤❛r✐♥❣

❝♦♥❞✐t✐♦♥ Co
t = C∗

t S
1−α
Ht ✿ cot = c∗t + (1 − α)sHt + t.i.p + o(3)✱ ✭❡①❛❝t❧② ❧♦❣✲❧✐♥❡❛r✮ ♥♦♥✲❛ss❡t

❤♦❧❞❡r ❝♦♥s✉♠♣t✐♦♥ ❢✉♥❝t✐♦♥ Cc
t = wt✿ c

c
t = ωt + t.i.p + o(3) ❛♥❞ t❤❡ ♥♦♥✲❧✐♥❡❛r ❛❣❣r❡❣❛t❡

❝♦♥s✉♠♣t✐♦♥ ❞❡✜♥✐t✐♦♥✿ Ct = λCf
t + (1− λ)Co

t ✿ c̃t +
1
2 c̃

2
t + c̃tc

e
t = λc̃t

f + 1
2 c̃

f2
t + λc̃t

fcfet + (1−

λ)c̃t
o + (1−λ)

2 c̃2t + (1− λ)c̃t
ocoet + t.i.p+ o(3) t♦ ❞❡r✐✈❡ t❤❛t ˜sHt = ỹt

(

1−λ(1+φ)
1−λ

)

+ t.i.p+ o(3)✳

❚❤✐s ②✐❡❧❞s

Ut − U

UCC
=

(

1− α
1− λ(1 + φ)

1− λ
+
UN

UC

N

C

)

ỹt +
UN

UC

N

C

(

(1 + φ)

2(1− λ)
ỹ2t +

ε

2ξ
π2Ht

)

t.i.p.+ o(3)

❆ s✉❜s✐❞② ♦❢ s✐③❡ (1− τ) =
(

1− α1−λ(1+φ)
1−λ

)

Sα
H

A
εP

εP−1 ✐s ❣✐✈❡♥ t♦ ♠❛❦❡ t❤❡ ♥❛t✉r❛❧ ❡q✉✐❧✐❜r✐✉♠

❡✣❝✐❡♥t ❛♥❞ ❡❧✐♠✐♥❛t❡ t❤❡ ❧✐♥❡❛r t❡r♠✳ ❙✉♠♠✐♥❣ ✉♣ ♦✈❡r ✐♥✜♥✐t❡ t✐♠❡ ♣❡r✐♦❞s ❛♥❞ ❞✐s❝♦✉♥t✐♥❣

✈✐❛ β✱ t❤❡ ✇❡❧❢❛r❡ ❧♦ss ❢✉♥❝t✐♦♥ ✐s

✷✾



W = −
1− α

2

∞
∑

t=0

βt
{

ε

ξ
π2Ht +

(

1 + φ

1− λ

)

ỹ2t

}

❋♦r ❈❘❘❆ ✉t✐❧✐t②✱ t❤❡ ♦♣t✐♠❛❧ s✉❜s✐❞② ✐s ♦❢ s✐③❡ τ =
(

1− α1−λ(1+φ)
1−λ

)

µ
Sα
H

A
ε

ε−1 + 1 ❛♥❞ µ =
σ

1+α(w−1) ✱ ς =
αw
σ ✱ w = σεF + (1 − α)(σεH − 1)✱ η = 1−σ

1+φ ✳ ❋♦❧❧♦✇✐♥❣ s✐♠✐❧❛r st❡♣s ❛s ❛❜♦✈❡✱

✇❡ ❞❡r✐✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦ss ❢✉♥❝t✐♦♥

W = −
1

2

1− α

1− α+ ς

∞
∑

t=0

βt
{

ε

ξ
π2Ht +

(

σ + φ

1− λ

)

Φyỹ
2
t

}

❍❡r❡✱ Φy =
(

(1−σ)(1−λ)(1−α+ς)
(1−α)(σ+φ) (λΦcf + (1− λ)Φco)−

(1−λ)(1+φ)
(σ+φ) (λΦnf + (1− λ)Φno)

)

Φcf = (1 + η) (φ+ (1− σ)(1− α)µ)2✱ Φnf = η (φ+ (1− σ)(1− α)µ)2

Φco =
(

1
1−λ

)2 (

µ2(1− α)2 + 2λµ(1− α)(1− η) (φ+ (1− σ)(1− α)µ) + (1 + η) (φ+ (1− σ)(1− α)µ)2
)

Φno =
(

1
1−λ

)2 (

1 + 2λη (φ+ (1− σ)(1− α)µ) + η (φ+ (1− σ)(1− α)µ)2
)

❋♦r σ = εH = εF = 1 → (1−σ)(1−λ)(1−α+ς)
(1−α)(σ+φ) (λΦcf + (1− λ)Φco) = 0✱ Φnf = 0✱ ❛♥❞ Φno =

(1−λ)(1+φ)
(1+φ) (1−λ)

(

1
1−λ

)2
= 1 ✳ ❙♦ Φy = 1 ✭❛♥❞ ❛❧s♦ ς = α ❛♥❞ µ = 1✮ s♦ t❤❛t t❤❡ ❧♦ss ❢✉♥❝t✐♦♥

✇✐t❤ ❈❘❘❆ ✉t✐❧✐t② ❡①❛❝t❧② ❜♦✐❧s ❞♦✇♥ t♦ t❤❡ ❧♦❣ ✉t✐❧✐t② ❝❛s❡✳

✸✵


