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ABSTRACT

IZA DP No. 14620 JULY 2021

The UK Productivity Shortfall in an Era of 
Rising Labour Supply*

Labour productivity stagnated in the UK in the years between the financial crisis and 

the emergence of Covid-19. At the same time labour supply and employment grew 

strongly, driven primarily by net inward migration. Although labour productivity should be 

independent of labour supplied in the long run, this need not be the case in the medium-

run while capital-per-worker adjusts. Our evidence suggests that around one-fifth, or 

4½pp, of the 25 log point fall in productivity from its previous trend can be explained 

by increased labour supply, with idiosyncratic factors and a slowdown in TFP growth 

accounting for most of the shortfall.
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st✉❞✐❡s ♣r♦✈✐❞❡ ❡st✐♠❛t❡s t❤❛t ✐♠♣❧✐❝✐t❧② ❤♦❧❞ ❝♦♥st❛♥t t❤❡ ♠❛❝r♦✲❝❤❛♥♥❡❧ ♦❢ r❡❞✉❝❡❞ ❝❛♣✐✲

t❛❧ ❞❡❡♣❡♥✐♥❣ t❤❛t ✇❡ ❤✐❣❤❧✐❣❤t✳ ❚❤♦s❡ t❤❛t ❞♦ ♥♦t ❞♦ t❤✐s ✭❡❣✱ ❖tt❛✈✐❛♥♦ ❛♥❞ P❡r✐✱ ✷✵✶✷✮

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

✸



s❤♦rt✲r✉♥✱ ❛s ❞♦ ✇❡✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐s❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ♦✉t❧✐♥❡s s❡✈❡r❛❧ ❢❛❝ts ❛❜♦✉t

t❤❡ ❯❑ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧ ❢r♦♠ ❛❣❣r❡❣❛t❡ ❛♥❞ s❡❝t♦r✲❧❡✈❡❧ ❞❛t❛✳ ❙❡❝t✐♦♥ ✸ t✉r♥s

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

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

❝r♦ss✲❝♦✉♥tr② ❛♥❛❧②s✐s ❛s s✉♣♣❧❡♠❡♥t❛r② ❡✈✐❞❡♥❝❡ ♦❢ ❯❑ ❡①♣❡r✐❡♥❝❡✳ ❙❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✳

✷ ❚❤❡ ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧✿ s♦♠❡ st②❧✐s❡❞ ❢❛❝ts

❖✉r ❛♥❛❧②s✐s ♦❢ ❯❑ ♣r♦❞✉❝t✐✈✐t② ✉s❡s ❡st✐♠❛t❡s ❢r♦♠ t❤❡ ❖✣❝❡ ❢♦r ◆❛t✐♦♥❛❧ ❙t❛t✐st✐❝s ❢♦r t❤❡

❯❑ ♠❛r❦❡t s❡❝t♦r ❛♥❞ ❝♦♠♣♦♥❡♥t ✐♥❞✉str✐❡s✳ ❚❤❡s❡ ❡st✐♠❛t❡s ❛r❡ ❜❛❞❣❡❞ ❛s ❵❡①♣❡r✐♠❡♥t❛❧✬

❛♥❞ ❛r❡ s✉❜❥❡❝t t♦ r❡✈✐s✐♦♥✳

❘❡❧❛t✐✈❡ t♦ ❛ s✐♠♣❧❡ ❡①tr❛♣♦❧❛t✐✈❡ tr❡♥❞ ❢r♦♠ ✶✾✼✵ t♦ ✷✵✵✼✱ t❤❡ ❯❑ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t②

s❤♦rt❢❛❧❧ r❡❛❝❤❡❞ ✷✺ ❧♦❣ ♣♦✐♥ts ✐♥ ✷✵✶✾✳ ❲❤✐❧❡ ❣r♦✇t❤ ✐♥ ❤♦✉r❧② ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❛✈❡r❛❣❡❞

✷✳✸✺✪ ♣✳❛✳ ❜❡t✇❡❡♥ ✶✾✼✶ ❛♥❞ ✷✵✵✼✱ ✐t s❧✉♠♣❡❞ t♦ ❥✉st ✵✳✶✶✪ ♣✳❛✳ ❢r♦♠ ✷✵✵✽ t♦ ✷✵✶✾✳

❲❡ ❡①♣❧♦r❡ t❤❡ ✈❛❧✐❞✐t② ♦❢ ❛ss✉♠✐♥❣ ❛ ❜r❡❛❦ ✐♥ ✷✵✵✽ t❤r♦✉❣❤ ❛ ❜r❡❛❦✲♣♦✐♥t ❛♥❛❧②s✐s✳ ❖✉r

r❡s✉❧ts s✉❣❣❡st t✇♦ ❜r❡❛❦✲♣♦✐♥ts s✐♥❝❡ ✶✾✼✵✱ ♦❝❝✉rr✐♥❣ ✐♥ ✶✾✾✾ ✭st❛♥❞❛r❞ ❡rr♦r✿ ✷✳✸ ②❡❛rs✮

❛♥❞ ✐♥ ✷✵✵✻ ✭st❛♥❞❛r❞ ❡rr♦r✿ ✵✳✻ ②❡❛rs✮✳ ❚❤❡ ❜r❡❛❦✲♣♦✐♥t ❛♥❛❧②s✐s ❡st✐♠❛t❡s tr❡♥❞ ❧❛❜♦✉r

♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❛t ✷✳✷✪♣✳❛✳ ❜❡t✇❡❡♥ ✶✾✼✵ ❛♥❞ ✶✾✾✾✱ r✐s✐♥❣ t♦ ✷✳✽✪ ❜❡t✇❡❡♥ ✶✾✾✾ ❛♥❞

✷✵✵✻ ❛♥❞ t❤❡♥ ❢❛❧❧✐♥❣ s❤❛r♣❧② t♦ ✵✳✷✪♣✳❛✳ ❜❡t✇❡❡♥ ✷✵✵✻ ❛♥❞ ✷✵✶✾✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤

✭✶✮ ❛♥ ■❈❚ ✐♥✈❡st♠❡♥t ❡✛❡❝t r❛✐s✐♥❣ ❯❑ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ t❡♠♣♦r❛r✐❧② ❢r♦♠ ✶✾✾✾❀ ✭✷✮ ❛

s❧♦✇❞♦✇♥ t❤❛t st❛rt❡❞ ❥✉st ❜❡❢♦r❡ t❤❡ ✜♥❛♥❝✐❛❧ ❝r✐s✐s✳✷

❆ ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ t❤❛t ♠❛② ❤❛✈❡ ♣r❡✲❞❛t❡❞ t❤❡ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ✐s ♥♦t ❛ ♣r♦❜❧❡♠

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

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

❝r✐s✐s✳ ▼♦r❡♦✈❡r✱ t❤❡r❡ ✐s ♥♦t❤✐♥❣ ✐♥ t❤❛t ✈✐❡✇✱ ♦r ✐♥ t❤❡ ❜r❡❛❦✲♣♦✐♥t ❛♥❛❧②s✐s✱ t♦ s✉❣❣❡st

t❤❡ ❝r✐s✐s ❞✐❞ ♥♦t ✐♥t❡♥s✐❢② t❤❡ ❯❑✬s ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧ s✉❜st❛♥t✐❛❧❧②✳✸

✷❖✉r ❜r❡❛❦✲♣♦✐♥t ❛♥❛❧②s✐s ✐♥ t❤✐s s❡❝t✐♦♥ ✉s❡s t❤❡ ♠❡t❤♦❞ ✇✐t❤ ✉♥❦♥♦✇♥ ❜r❡❛❦✲♣♦✐♥ts ❢r♦♠ ▼✉❣❣❡♦
✭✷✵✵✸✮✳ ❈❡tt❡ ❡t ❛❧✳ ✭✷✵✶✻✮ ✜♥❞ t❤❛t t❤❡ ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ ✐♥ t❤❡ ❯✳❙✳ ❛♥❞ ❊✉r♦ ❛r❡❛ s❧✐❣❤t❧②
♣r❡❝❡❞❡❞ t❤❡ ❣r❡❛t ✜♥❛♥❝✐❛❧ ❝r✐s✐s✳ ❖✉❧t♦♥ ❛♥❞ ❙❡❜❛st✐❛✲❇❛rr✐❡❧ ✭✷✵✶✻✮ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ✜♥❛♥❝✐❛❧
❝r✐s❡s ♦♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❛♥❞ s✉❣❣❡st ❛♥ ✐♥s✐❣♥✐✜❝❛♥t ❧♦♥❣✲r✉♥ ❡✛❡❝t ✇❛s t②♣✐❝❛❧ ♦❢ ♣❛st ✜♥❛♥❝✐❛❧ ❝r✐s❡s
✐♥ ❞❡✈❡❧♦♣❡❞ ❡❝♦♥♦♠✐❡s✳

✸❋♦r ❛ r❡❝❡♥t r❡✈✐❡✇ ♦❢ ❯❑ ♣r♦❞✉❝t✐✈✐t②✱ s❡❡ ❈r❛❢ts ❛♥❞ ▼✐❧❧s ✭✷✵✷✵✮✳

✹



✷✳✶ ❘❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ✐♥ ❛ ❣r♦✇t❤ ❛❝❝♦✉♥t✐♥❣ ❡①❡r❝✐s❡

❚❛❜❧❡ ✶ s✉♠♠❛r✐s❡s ❛ ❣r♦✇t❤ ❛❝❝♦✉♥t✐♥❣ ❡①❡r❝✐s❡ ❢♦r t❤❡ ❯❑✬s ♠❛r❦❡t s❡❝t♦r s✐♥❝❡ ✶✾✼✶✳

❆s ✉s✉❛❧✱ ❡st✐♠❛t❡s ♦❢ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t② ✐♥ s✉❝❤ ❞❡❝♦♠♣♦s✐t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ ❛s ❛

r❡s✐❞✉❛❧ ❛♥❞ ✐♥ t❤❡ s❤♦rt r✉♥ ❝❛♥ r❡✢❡❝t ❧❛❜♦✉r ❤♦❛r❞✐♥❣ ❛♥❞ ♦t❤❡r ❝②❝❧✐❝❛❧ ✐♥✢✉❡♥❝❡s✳ ❲❡

❞r❛✇ ❛tt❡♥t✐♦♥ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❲❤✐❧❡ ♦✉t♣✉t ❣r♦✇t❤ ❞✉r✐♥❣ ✷✵✵✽✲✶✾ ✇❛s ♦♥ ❛✈❡r❛❣❡ s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥ ✐♥ ❡❛r❧✐❡r

♣❡r✐♦❞s✱ ❛t ✶✳✶✾✪♣❛✱ ✐ts ❝♦♠♣♦s✐t✐♦♥ ✇❛s ✉♥✉s✉❛❧❧② s❦❡✇❡❞ t♦✇❛r❞s ❣r♦✇t❤ ✐♥ ❧❛❜♦✉r

✐♥♣✉t ✭✶✳✵✼✪♣❛✮ r❛t❤❡r t❤❛♥ ❣r♦✇t❤ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✭✵✳✶✶✪♣❛✮✳

❼ ❆ t✉r♥✲❛r♦✉♥❞ ✐♥ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣✳ ❈❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛❝❝♦✉♥t❡❞ ❢♦r ♦♥❡✲✜❢t❤ ✭✵✳✻♣♣✮

♦❢ ❛✈❡r❛❣❡ ❛♥♥✉❛❧ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❞✉r✐♥❣ ✷✵✵✷✲✵✼✳ ❇② ❝♦♥tr❛st✱ ❛ ❞❡❝❧✐♥✐♥❣

❝❛♣✐t❛❧✴❧❛❜♦✉r r❛t✐♦ ✇❛s ❛♥ ✐♠♣♦rt❛♥t ❞r❛❣ ♦♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❛❢t❡r ✷✵✶✵ ✭✲✵✳✶♣♣✮✳

❼ ❊❛r❧✐❡r ♣❡r✐♦❞s ♦❢ st❡❛❞② ❣r♦✇t❤ ✐♥ ❤♦✉rs ✇♦r❦❡❞ ♦❝❝✉rr❡❞ ❛❧♦♥❣s✐❞❡ s♦❧✐❞ ❣r♦✇t❤ ✐♥

❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❛♥❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣✳ ■♥ t❤❡ ✶✾✽✵s✱ ❢♦r ✐♥st❛♥❝❡✱ ❤♦✉rs

✇♦r❦❡❞ r♦s❡ ❜② ❛♥ ❛✈❡r❛❣❡ ✵✳✽✺✪♣❛✱ ✇✐t❤ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② r✐s✐♥❣ ❜② ✶✳✾✶✪♣❛ ❛♥❞

❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❝♦♥tr✐❜✉t✐♥❣ ✵✳✺✷♣♣ ♣❡r ②❡❛r t♦ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳

❼ ❇② ❝♦♥tr❛st✱ t❤❡ ✶✾✼✵s ❛♥❞ ✶✾✾✵s ✇✐t♥❡ss❡❞ ✇❡❛❦ ❣r♦✇t❤ ✐♥ t♦t❛❧ ❤♦✉rs ✇♦r❦❡❞ ♦❝✲

❝✉rr✐♥❣ ❛❧♦♥❣s✐❞❡ s♦❧✐❞ ❣r♦✇t❤ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❛♥❞ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ❝❛♣✐t❛❧

❞❡❡♣❡♥✐♥❣✳

❼ ❖✈❡r❛❧❧✱ t❤❡ t✉r♥✲❛r♦✉♥❞ ✐♥ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❜❡t✇❡❡♥ ✷✵✵✷✲✵✼ ❛♥❞ ✷✵✵✽✲✶✾ ✭✵✳✼♣♣✮

❛❝❝♦✉♥t❡❞ ❢♦r ❜❡t✇❡❡♥ ♦♥❡✲q✉❛rt❡r ❛♥❞ ♦♥❡✲t❤✐r❞ ♦❢ t❤❡ s❧♦✇❞♦✇♥ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝✲

t✐✈✐t② ❣r♦✇t❤ ✭✷✳✻♣♣✮✳ ❚❤❡ s❧♦✇❞♦✇♥ ✐♥ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t② ❛❝❝♦✉♥ts ❢♦r ♠♦st

♦❢ t❤❡ ♦❜s❡r✈❡❞ s❧♦✇❞♦✇♥✳

❙t❛♥❞❛r❞ ♥❡♦❝❧❛ss✐❝❛❧ ❡❝♦♥♦♠✐❝s ♦✛❡rs ❧✐tt❧❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r ❧♦♥❣✲t❡r♠ ♠♦✈❡♠❡♥ts ✐♥

❚❋P ❜❡②♦♥❞ ❛ttr✐❜✉t✐♥❣ ✐t t♦ t❡❝❤♥✐❝❛❧ ♣r♦❣r❡ss✳✹

▼❛♥② ❞✐✛❡r❡♥t st♦r✐❡s ❝❛♥ ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❛♥② ❣r♦✇t❤ ❛❝❝♦✉♥t✐♥❣ ❡①❡r❝✐s❡✳ ❨❡t✱ t❤❡

❝♦♥s✐st❡♥❝② ♦❢ ♦✉r st♦r② ✇✐t❤ ♦t❤❡r ❦❡② ❧❛❜♦✉r ♠❛r❦❡t ❢❛❝ts ❢♦r t❤❡ ❯❑ ❧❡♥❞s s♦♠❡ ✇❡✐❣❤t

✹❆ r❡❝❡♥t ❚❋P ❧✐t❡r❛t✉r❡ ❤✐❣❤❧✐❣❤ts r♦❧❡s ❢♦r ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ♠✐s❛❧❧♦❝❛t✐♦♥ ♦❢ r❡s♦✉r❝❡s ❛s ❦❡② ❞r✐✈❡rs ♦❢
❚❋P ✭❡❣✳ ❍s✐❡❤ ❛♥❞ ❑❧❡♥♦✇✱ ✷✵✶✹✮✳

✺



❚❛❜❧❡ ✶✿ ❆ ❣r♦✇t❤ ❛❝❝♦✉♥t✐♥❣ ❡①❡r❝✐s❡

❖✉t♣✉t
❣r♦✇t❤
✭✪♣❛✮

❚❋P
❣r♦✇t❤
✭✪♣❛✮

▲❛❜♦✉r
Pr♦❞✉❝t✐✈✲
✐t② ❣r♦✇t❤

✭✪♣❛✮

❈♦♥tr✐❜✉t✐♦♥
♦❢ ❑✴▲ t♦
Pr♦❞✉❝t✐✈✲
✐t② ❣r♦✇t❤

✭♣♣✮

●r♦✇t❤
✐♥

❈❛♣✐t❛❧
s❡r✈✐❝❡s✱
❑ ✭✪♣❛✮

●r♦✇t❤
✐♥ ❍♦✉rs

✇♦r❦❡❞✱ ▲
✭✪♣❛✮

✶✾✼✹✲✶✾✼✾ ✶✳✵✶ ✵✳✹✽ ✶✳✼✾ ✶✳✶✷ ✷✳✾✹ ✲✵✳✼✼
✶✾✽✵✲✶✾✾✵ ✷✳✼✼ ✶✳✹✻ ✶✳✾✶ ✵✳✺✷ ✷✳✸✼ ✵✳✽✺
✶✾✾✶✲✷✵✵✶ ✷✳✹✺ ✵✳✾✻ ✷✳✹✵ ✶✳✶✼ ✸✳✵✾ ✵✳✵✺
✷✵✵✷✲✷✵✵✼ ✸✳✵✺ ✶✳✽✵ ✷✳✻✼ ✵✳✺✽ ✷✳✵✶ ✵✳✸✾
✷✵✵✽ ✲✵✳✹✸ ✲✶✳✹✹ ✲✵✳✽✾ ✵✳✺✺ ✷✳✵✵ ✵✳✹✻

✷✵✵✾ ✲✻✳✷✹ ✲✹✳✹✸ ✲✷✳✵✻ ✶✳✹✸ ✲✵✳✷✵ ✲✹✳✶✽

✷✵✵✽✲✷✵✶✾ ✶✳✶✾ ✲✵✳✶✶ ✵✳✶✶ ✲✵✳✵✾ ✵✳✽✺ ✶✳✵✼

✶✾✼✶✲✷✵✶✾ ✷✳✷✹ ✵✳✾✼ ✶✳✽✵ ✵✳✻✸ ✷✳✷✹ ✵✳✹✹
✯ ◆♦t❡✿ ❯❑ ♠❛r❦❡t s❡❝t♦r✱ ❛✈❡r❛❣❡ ❛♥♥✉❛❧ r❛t❡s✳
❸ ❙♦✉r❝❡s✿ ❖◆❙✱ ◆■❊❙❘

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

t✉r♥✱ ✇❡✐❣❤❡❞ ♦♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❞✉r✐♥❣ ❛♥ ❡①t❡♥s✐✈❡ ♠❡❞✐✉♠✲r✉♥✳

✷✳✷ ❆ s❡❝t♦r✲❧❡✈❡❧ ♣❡rs♣❡❝t✐✈❡

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

❝❤❛♥❣❡s ✐♥ tr❡♥❞s ✐♥ ❞✐✛❡r❡♥t ♣❛rts ♦❢ t❤❡ ❡❝♦♥♦♠②✳

❙❡❝t♦r ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ s❧♦✇❞♦✇♥

❋✐❣✉r❡ ✷ ✐❧❧✉str❛t❡s t❤❡ s❡❝t♦r✲❧❡✈❡❧ ❝♦♥tr✐❜✉t✐♦♥s t♦ ✇❤♦❧❡ ❡❝♦♥♦♠② ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t②

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

✷✵✵✵✳ ❚❤❡ s✐① s❡❝t♦rs ❛r❡✿ ■❚✱ ❇✉s✐♥❡ss ❙❡r✈✐❝❡s✱ ❋✐♥❛♥❝❡✱ ▼❛♥✉❢❛❝t✉r✐♥❣✱ P✉❜❧✐❝ ❙❡r✈✐❝❡s

❛♥❞ ❛ r❡s✐❞✉❛❧ ❵❖t❤❡r✬✳ ❚❤❡ t❤r❡❡ s✉❜✲♣❡r✐♦❞s ❛r❡ ✷✵✵✷✲✵✼✱ ✷✵✵✽✲✵✾✱ ✷✵✶✵✲✶✾✳ ❚❤❡s❡ ❛❧❧♦✇

✉s t♦ ❤✐❣❤❧✐❣❤t t❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❆✈❡r❛❣❡ ❛♥♥✉❛❧ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ s❧♦✇❡❞ ❢r♦♠ ✷✳✵✷✪ ❞✉r✐♥❣ ✷✵✵✷✲✵✼ t♦ ✵✳✺✸✪

❞✉r✐♥❣ ✷✵✶✵✲✶✾✱ ✇✐t❤ ✐♥s✉✣❝✐❡♥t ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ✐♥ t❤❡ ❧❛tt❡r ♣❡r✐♦❞ t♦ ♠❛❦❡ ✉♣

✻



❢♦r ❢❛❧❧s ✐♥ ✷✵✵✽ ❛♥❞ ✷✵✵✾✳

❼ ❚✇♦ s❡❝t♦rs ✕ ❋✐♥❛♥❝❡ ❛♥❞ ▼❛♥✉❢❛❝t✉r✐♥❣ ✕ ❛❝❝♦✉♥t ❢♦r t✇♦✲t❤✐r❞s ♦❢ t❤❡ ❢❛❧❧ ✐♥

❛✈❡r❛❣❡ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❜❡t✇❡❡♥ ✷✵✵✷✲✵✼ ❛♥❞ ✷✵✶✵✲✶✾✳✺ ❚❤❡ r❡❞✉❝t✐♦♥ ✐♥ ♣r♦✲

❞✉❝t✐✈✐t② ❣r♦✇t❤ ✐♥ ❋✐♥❛♥❝❡ ❤❛s ❛❝❝♦✉♥t❡❞ ❢♦r ✵✳✺✵♣♣ ♦❢ t❤❡ ✶✳✺♣♣ ❢❛❧❧ ✐♥ ❛♥♥✉❛❧

❛✈❡r❛❣❡ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳✻ ❚❤❡ ▼❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r ❛❧s♦ ❛❝❝♦✉♥ts ❢♦r ✵✳✺✵♣♣ ♦❢

t❤❡ ❢❛❧❧✳ ❋✐♥❛♥❝❡ ❛♥❞ ♠❛♥✉❢❛❝t✉r✐♥❣ ❛❝❝♦✉♥t ❢♦r ✶✽✳✺✪ ♦❢ t♦t❛❧ ✈❛❧✉❡ ❛❞❞❡❞✳

❼ ❇✉t ✐t ✇♦✉❧❞ ❜❡ ✐♥❝♦rr❡❝t t♦ ❛ttr✐❜✉t❡ t❤❡ ✇❡❛❦♥❡ss ✐s ♣r♦❞✉❝t✐✈✐t② t♦ t❤♦s❡ t✇♦ s❡❝t♦rs

❛❧♦♥❡✳ ❲❤✐❧❡ ✐♥ s❡✈❡r❛❧ s❡❝t♦rs✱ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❞✉r✐♥❣ ✷✵✶✵✲✶✾ ✇❛s s✐♠✐❧❛r t♦

t❤❛t ✐♥ ✷✵✵✷✲✵✼✳ ■♥ t❤❡ r✐❣❤t✲❤❛♥❞ ♣❛♥❡❧ t❤❡s❡ ❛r❡ s✉❜s✉♠❡❞ ✐♥t♦ t❤❡ ❵❖t❤❡r✬ ❝❛t❡❣♦r②

❛♥❞ ✐♥❝❧✉❞❡ ❲❤♦❧❡s❛❧❡ ❛♥❞ ❘❡t❛✐❧✱ ❆❝❝♦♠♠♦❞❛t✐♦♥ ❛♥❞ ❢♦♦❞ s❡r✈✐❝❡s ❛♥❞ ❆❞♠✐♥✐s✲

tr❛t✐✈❡ ❛♥❞ s✉♣♣♦rt ❛❝t✐✈✐t✐❡s✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤✐s ❣r♦✉♣ ❡①♣❡r✐❡♥❝❡❞ ❛ ♠❛t❡r✐❛❧ ❢❛❧❧

✐♥ ♣r♦❞✉❝t✐✈✐t② ✐♥ ✷✵✵✽ ❛♥❞ ✷✵✵✾ t❤❛t ❤❛s ♥♦t ❜❡❡♥ s✉❜s❡q✉❡♥t❧② r❡❝♦✈❡r❡❞✳

❙❡❝t♦r ✈❛r✐❛t✐♦♥

❱❛r✐❛t✐♦♥ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✭❛❝r♦ss ✶✽ s❡❝t♦rs✮ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸❛✱ ❢r♦♠ ✶✾✼✵✳

❋✐❣✉r❡ ✸❜ s❤♦✇s t❤❡ ❡q✉✐✈❛❧❡♥t ♣r♦✜❧❡s ❢♦r ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛t t❤❡ s❡❝t♦r✲❧❡✈❡❧ ❛♥❞ t♦t❛❧

♠❛r❦❡t s❡❝t♦r✳✼ ❇♦t❤ ✐♥ ❛❣❣r❡❣❛t❡ ❛♥❞ ❢♦r ♠♦st s❡❝t♦rs t❤❡ ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ ❝♦✐♥❝✐❞❡❞

✇✐t❤ ❛♥ ❛❜r✉♣t ❡♥❞ t♦ ❝❛♣✐t❛❧✲❞❡❡♣❡♥✐♥❣✳ ❋✐❣✉r❡ ✸❝ s❤♦✇s t❤❛t t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t②

st❛❣♥❛t❡❞ ✐♥ ❛❧❧ s❡❝t♦rs ❢r♦♠ ✷✵✶✵✳

❋✐❣✉r❡ ✹ s❤♦✇s t❤❛t ❛ ❢❛❧❧ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✇❛s ❛ ❝♦♠♠♦♥ ❡①♣❡r✐❡♥❝❡✱ ✇✐t❤ ♠♦st

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

❊st✐♠❛t❡❞ ❜r❡❛❦✲♣♦✐♥ts ✐♥❞✐❝❛t❡ t❤❛t ♦♥❧② ✹ ♦✉t ♦❢ ✶✽ s❡❝t♦rs ❤❛✈❡ ❛ ❜r❡❛❦✲♣♦✐♥t ✐♥ t❤❡

✷✵✵✼ t♦ ✷✵✵✾ ♣❡r✐♦❞ ✕ ♥♦t❛❜❧②✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❋✐♥❛♥❝✐❛❧ s❡r✈✐❝❡s s❡❝t♦r✳✽

✺❚❤✐s ♣♦✐♥t ✐s ❤✐❣❤❧✐❣❤t❡❞ ❜② ❚❡♥r❡②r♦ ✭✷✵✶✽✮ ❢♦r t❤❡ ♣❡r✐♦❞ ✉♣ t♦ ✷✵✶✺ ❛♥❞ ✐t st✐❧❧ ❛♣♣❧✐❡s ✇❤❡♥ ❡①t❡♥❞✐♥❣
t❤❡ ♣♦st✲❝r✐s✐s ♣❡r✐♦❞ ❜② ❢♦✉r ②❡❛rs✳ ❙❡❡ ❛❧s♦ ❘✐❧❡② ❡t ❛❧ ✭✷✵✶✺✱ ✷✵✶✽✮✳

✻❉♦✉❜t ❝❛♥ ❝❧❡❛r❧② ❜❡ ❝❛st ♦♥ t❤❡ s❡❝t♦r✬s ❧❛r❣❡ ♣r❡✲❝r✐s✐s ❝♦♥tr✐❜✉t✐♦♥ ✇❤❡♥ t❤❡ ❋✐♥❛♥❝❡ s❡❝t♦r✬s ♠❡❛✲
s✉r❡❞ ♣r♦❞✉❝t✐✈✐t② r♦s❡ s❤❛r♣❧②✳ ❚❤❛t ❞♦✉❜t ♣❛rt❧② ♦✇❡s t♦ ♠❡❛s✉r❡♠❡♥t ✐ss✉❡s✱ ❛s ✇❡❧❧ ❛s ❜❡✐♥❣ ♣❛rt❧②
❝♦♥❝❡♣t✉❛❧✳ ❇♦t❤ ✐♥t❡r♣r❡t❛t✐♦♥s ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ♣r❡✲❝r✐s✐s ❜✉✐❧❞✲✉♣ ♦❢ ❧❡✈❡r❛❣❡✳ ❇❡❛♥ ✭✷✵✶✻✮ ❞❡s❝r✐❜❡s
❤♦✇ ❜❡tt❡r r❡❣✉❧❛t✐♦♥ s✐♥❝❡ t❤❡♥ ✇✐❧❧ ❤❛✈❡ r❛✐s❡❞ t❤❡ q✉❛❧✐t② ♦❢ ✜♥❛♥❝✐❛❧ s❡r✈✐❝❡s ✇✐t❤♦✉t s✉❝❤ ✐♠♣r♦✈❡♠❡♥ts
❜❡✐♥❣ ❢✉❧❧② ❝❛♣t✉r❡❞ ✐♥ ♦✣❝✐❛❧ ♠❡❛s✉r❡s ♦❢ ✜♥❛♥❝✐❛❧ s❡r✈✐❝❡s ♦✉t♣✉t✳

✼❈❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ✐s ♠❡❛s✉r❡❞ ❛s ❈❛♣✐t❛❧ s❡r✈✐❝❡s ✴ ❍♦✉rs ✇♦r❦❡❞✳
✽❖✉r ❡st✐♠❛t❡s ❛❧❧♦✇ ❢♦r t✇♦ ❜r❡❛❦✲♣♦✐♥ts ♣❡r s❡❝t♦r ❛t ✉♥r❡str✐❝t❡❞ ❞❛t❡s ♦✈❡r t❤❡ ✺✵✲②❡❛r ♣❡r✐♦❞ s✐♥❝❡

✶✾✼✵✳

✼



-202 2005 2010 2015 2020YearLabour productivity gr
owth (%yo

AgricultureMiningManufacturingEnergy Water SupplyConstructionRetailTransport CateringITFinanceReal Estate Business ServicesAdmin ServicesPublic ServicesRecreation Other ServicesAllocation EffectSources: ONS, NIESR
✭❛✮ ■♥❞✉str② ❝♦♥tr✐❜✉t✐♦♥s✱ ❛♥♥✉❛❧

-1012 2002 - 2007 2008 - 09 2010 - 19Labour productivity growth and c
ontributions (

ITBusiness Services FinanceManufacturing Public ServicesOtherSources: ONS, NIESR
✭❜✮ ■♥❞✉str② ❝♦♥tr✐❜✉t✐♦♥s✱ ❣r♦✉♣❡❞

❋✐❣✉r❡ ✷✿ ❚❤❡ s❧♦✇❞♦✇♥ ❛♥❞ ✐ts ✐♥❞✉str② ❝♦♠♣♦s✐t✐♦♥

3456
7

1970 1980 1990 2000 2010 2020YearLog Labour productivity, log index 050100150200 1970 1980 1990 2000 2010 2020YearCapital deepening, index 3456
7

1970 1980 1990 2000 2010 2020Yearlog TFP, log indexAggregate market sector
❋✐❣✉r❡ ✸✿ ▲❛❜♦✉r ♣r♦❞✉❝t✐✈✐t②✱ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛♥❞ ❚❋P ❛❝r♦ss s❡❝t♦rs

✽



Mining ManufacturingEnergyWater SupplyConstruction RetailTransportCatering ITFinanceReal EstateAdmin ServicesEducationHealth and Social ServicesArts, EntertainmentOther Services-505 -5 0 5Average productivity growth, 2000-07Average productivity growth, 200
9-19

✭❛✮ Pr❡✲ ❛♥❞ P♦st✲❈r✐s✐s

Other ServicesReal EstateHealth and Social WorkEducationAgricultureManufacturingConstructionFinancial servicesTransport, StorageAggregatePublic Admin.Elec, Gas, WaterAdmin and SupportArts, Ent and RecreationMiningScientific and TechnicalWholesale, RetailAccomm and food servicesInformation and Comms
1970 1980 1990 2000 2010 2020Two estimated break-pointsSource: NIESR

✭❜✮ ❊st✐♠❛t❡❞ ❜r❡❛❦✲♣♦✐♥ts ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t②

❋✐❣✉r❡ ✹✿ ❚❤❡ s❧♦✇❞♦✇♥ ❛❝r♦ss s❡❝t♦rs

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

t♦ t✇♦ ♦t❤❡r ❢❡❛t✉r❡s ♦❢ t❤❡ ❯❑ ❡❝♦♥♦♠②✿ s❡❝t♦r✲❧❡✈❡❧ r❡❧❛t✐✈❡ ♦✉t♣✉t ♣r✐❝❡s ❛♥❞ ❡①♣❛♥s✐♦♥s

✐♥ ❧❛❜♦✉r ✐♥♣✉t ❛t t❤❡ s❡❝t♦r✲❧❡✈❡❧✳

❘❡❧❛t✐✈❡ ♣r✐❝❡s

■❢ ❛ s❡❝t♦r✬s ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ r❡✢❡❝t❡❞ ♣r✐♠❛r✐❧② ❝②❝❧✐❝❛❧ ❞❡♠❛♥❞ ❢❛❝t♦rs t❤❡♥ ✐ts

♦✉t♣✉t ♣r✐❝❡s ♠✐❣❤t ❜❡ ❡①♣❡❝t❡❞ t♦ ❤❛✈❡ ✇❡❛❦❡♥❡❞ ✐♥ r❡❧❛t✐✈❡ t❡r♠s✳ ■❢ ✐ts s❧♦✇✐♥❣ ✐♥st❡❛❞

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

❤❛✈❡ r✐s❡♥✳

❋✐❣✉r❡ ✺❛ s✉❣❣❡sts t❤❛t✱ ❞✉r✐♥❣ ✷✵✵✾✲✶✾✱ t❤♦s❡ s❡❝t♦rs ✇✐t❤ t❤❡ str♦♥❣❡r ❧❛❜♦✉r ♣r♦✲

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

s✉♣♣❧②✲❞r✐✈❡♥ ❡✛❡❝t✳ ❨❡t✱ t❤❡ ❝❤❛♥❣❡ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ✭❜❡t✇❡❡♥ ✷✵✵✵✲✵✼ ❛♥❞

✷✵✵✾✲✶✾✮ ❛♥❞ r❡❧❛t✐✈❡ ♦✉t♣✉t ♣r✐❝❡s ✐s ❧✐❦❡❧② t♦ ❜❡ ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡ ❛❜♦✉t ✇❤❡t❤❡r ✇❡❛❦❡r

s❡❝t♦r ♣r♦❞✉❝t✐✈✐t② ✇❛s ❞r✐✈❡♥ ❜② ♣r❡❞♦♠✐♥❛♥t❧② ❞❡♠❛♥❞✲ ♦r s✉♣♣❧②✲r❡❧❛t❡❞ ❢❛❝t♦rs✳

❋✐❣✉r❡ ✺❜ s✉❣❣❡sts t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ s❧♦✇❞♦✇♥ ❛t t❤❡

s❡❝t♦r✲❧❡✈❡❧ ❛♥❞ t❤❡ ❝❤❛♥❣❡ ✐♥ r❡❧❛t✐✈❡ ♣r✐❝❡s ❧✐❦❡❧② ❞✐✛❡rs ❛❝r♦ss ❣r♦✉♣s ♦❢ s❡❝t♦rs✳

✾
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❋✐❣✉r❡ ✺✿ ❙❡❝t♦r✲❧❡✈❡❧ Pr♦❞✉❝t✐✈✐t② ❛♥❞ ❘❡❧❛t✐✈❡ Pr✐❝❡s

❋✐rst✱ ✇❡ ✈✐❡✇ ♣r♦❞✉❝t✐✈✐t② tr❡♥❞s ✐♥ ❋✐♥❛♥❝❡✱ ❊♥❡r❣② ❛♥❞ ▼✐♥✐♥❣ ❛s ❧✐❦❡❧② ❞r✐✈❡♥ ❜②

✐❞✐♦s②♥❝r❛t✐❝ ❢❛❝t♦rs✱ s✉❝❤ ❛s r❡✲r❡❣✉❧❛t✐♦♥ ✐♥ ❋✐♥❛♥❝❡ ❢♦❧❧♦✇✐♥❣ t❤❡ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ t❤❡

♥❡❡❞ t♦ r❡❞✉❝❡ ❝❛r❜♦♥ ❡♠✐ss✐♦♥s ✐♥ ❡♥❡r❣②✳ ❙❡❝♦♥❞✱ ✐♥ ♠♦r❡ ✐♥t❡r♥❛t✐♦♥❛❧❧② tr❛❞❛❜❧❡ s❡❝t♦rs✱

s✉❝❤ ❛s ▼❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ❇✉s✐♥❡ss ❙❡r✈✐❝❡s✱ ✇❡❛❦❡r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ✇❛s ❛ss♦❝✐❛t❡❞

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

♠♦r❡ ❞♦♠❡st✐❝❛❧❧②✲♦r✐❡♥t❡❞ s❡r✈✐❝❡ s❡❝t♦rs s✉❝❤ ❛s ❆rts ❛♥❞ ❊♥t❡rt❛✐♥♠❡♥t✱ ❈♦♥str✉❝t✐♦♥✱

❈❛t❡r✐♥❣ ❛♥❞ ❵❖t❤❡r ❙❡r✈✐❝❡s✬ ✇❡r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠♦r❡ ♠♦❞❡st ❢❛❧❧s ✐♥ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤

❛♥❞ ❤✐❣❤❡r r❡❧❛t✐✈❡ ♣r✐❝❡s✱ ❝♦♥s✐st❡♥t ✇✐t❤ ❛ s✉♣♣❧② ❡✛❡❝t✱ ♣♦ss✐❜❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ str♦♥❣❡r

❧❛❜♦✉r s✉♣♣❧②✳

▲❛❜♦✉r ❡①♣❛♥s✐♦♥s

❚❤❡r❡ ✐s s♦♠❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤♦s❡ s❡❝t♦rs ✇✐t❤ t❤❡ ✇❡❛❦❡st ♣r♦❞✉❝t✐✈✐t② tr❡♥❞s s✐♥❝❡ t❤❡

♠✐❞✲✷✵✵✵s ❛❧s♦ ❡①♣❡r✐❡♥❝❡❞ t❤❡ ❧❛r❣❡st ✐♥❝r❡❛s❡ ✐♥ ❤♦✉rs ✇♦r❦❡❞ ❛♥❞ ❧❛❜♦✉r ✐♥♣✉t ✭❋✐❣✉r❡ ✻✮✳

❚❤✐s ✐s ❝♦♥tr❛r② t♦ ✇❤❛t ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ✐❢ ✐♥❞✉str②✲❧❡✈❡❧ ❞❡♠❛♥❞ s❤♦❝❦s ❞♦♠✐♥❛t❡ t❤❡

♣❛tt❡r♥ ♦❢ ♣r♦❞✉❝t✐✈✐t② ❛♥❞ ❤♦✉rs ✇♦r❦❡❞✳ ❇✉t ✐t ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❛ s❤✐❢t✐♥❣ ❧❛❜♦✉r s✉♣♣❧②

❝✉r✈❡ tr❛❝✐♥❣ ♦✉t ❞✐✛❡r❡♥t ♣♦✐♥ts ❛❧♦♥❣ ❛ ♥❡❣❛t✐✈❡❧②✲s❧♦♣❡❞ ✐♥❞✉str② ❧❛❜♦✉r ❞❡♠❛♥❞ ❝✉r✈❡
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✭❜✮ ❈❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛♥❞ ❧❛❜♦✉r ❡①♣❛♥s✐♦♥s

❋✐❣✉r❡ ✻✿ Pr♦❞✉❝t✐✈✐t②✱ ❈❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛♥❞ ❧❛❜♦✉r ❡①♣❛♥s✐♦♥s

❛♥❞ ❝♦✉❧❞ ✐♠♣❧② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ❢♦r s❤✐❢t✐♥❣ ❧❛❜♦✉r s✉♣♣❧②✳ ❲❡ ❡①♣❧♦r❡ t❤✐s ♣♦ss✐❜✐❧✐t②

❢✉rt❤❡r ❜❡❧♦✇✳✾

■s t❤❡r❡ ❛♥ ❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ ❛ s❡❝t♦r✬s ❧❛❜♦✉r ❡①♣❛♥s✐♦♥ ❛♥❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣❄ ❍♦✇

❤❛s t❤✐s ❞✐✛❡r❡❞ ❛❝r♦ss ❯❑ ❜✉s✐♥❡ss ❝②❝❧❡s❄

❲❡ ❝♦♠♣❛r❡ ❛✈❡r❛❣❡ ❣r♦✇t❤ ✐♥ ❤♦✉rs ✇♦r❦❡❞ ❛♥❞ ✐♥ t❤❡ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❝♦♥tr✐❜✉t✐♦♥✱

❛✈❡r❛❣❡❞ ✇✐t❤✐♥ ✜✈❡ ❞✐st✐♥❝t ❜✉s✐♥❡ss ❝②❝❧❡s s✐♥❝❡ ✶✾✼✶ ❢♦r ❡❛❝❤ s❡❝t♦r✳ ❋✐❣✉r❡ ✻ s✉❣❣❡sts

t❤♦s❡ s❡❝t♦r✴♣❡r✐♦❞ ❛✈❡r❛❣❡s ✇✐t❤ ❧❛r❣❡r ❧❛❜♦✉r ❡①♣❛♥s✐♦♥s ✇❡r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ s✐❣♥✐✜✲

❝❛♥t❧② ❧♦✇❡r ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❝♦♥tr✐❜✉t✐♦♥✳ P❧♦tt✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ s❡♣❛r❛t❡❧② ❢♦r ❡❛❝❤

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

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

✇♦r❦❡r t♦ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳

✾▼❡❛s✉r❡♠❡♥t ❡rr♦r ✐♥ ❤♦✉rs ✇♦r❦❡❞ ✇♦✉❧❞ ✐♥❞✉❝❡ ❛ ♥❡❣❛t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✭✈✐❛
✐ts ❞❡♥♦♠✐♥❛t♦r✮✳ ❚♦ ❣❛✉❣❡ t❤✐s ❢❛❝t♦r ✇❡ ❝❛♥ ❝♦♠♣❛r❡ t❤❡ ❝r♦ss✲s❡❝t♦r ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ❛♥ ❡❛r❧✐❡r ♣❡r✐♦❞
✭❢♦r ✶✾✾✾✲✷✵✵✼✮✳ ❆s ❡①♣❡❝t❡❞✱ t❤✐s r❡✈❡❛❧s ❛♥ ✐♥✈❡rs❡ ❛ss♦❝✐❛t✐♦♥ ❜✉t ❛ ♠✐❧❞❡r ♦♥❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❧❛t❡r
✷✵✵✽✲✶✾ ♣❡r✐♦❞✳ ❚❤❡ s❧♦♣❡ ❝♦❡✣❝✐❡♥t ✭❵t✲✈❛❧✉❡✬✮ ❢♦r t❤❡ ❧❛t❡r ♣❡r✐♦❞ ✐s ✲✵✳✻✹ ✭✲✷✳✺✽✮✱ ❝♦♠♣❛r❡❞ ✇✐t❤ ✲✵✳✹✵
✭✲✶✳✼✵✮ ✐♥ t❤❡ ❡❛r❧✐❡r ♣❡r✐♦❞✳
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✷✳✸ ❈❛♣✐t❛❧✴❧❛❜♦✉r s✉❜st✐t✉t✐♦♥

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

❚❤✐s ❝♦✐♥❝✐❞❡❞ ✇✐t❤ ❛ ❢❛❧❧ ✐♥ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ❧❛❜♦✉r ✭❋✐❣✉r❡ ✼✮✱ ❛s ✇❡❧❧ ❛s t❤❡ ✇❡❛❦❡r

❚❋P tr❡♥❞✳

❖♥ ❛ ♥❡♦✲❝❧❛ss✐❝❛❧ ✈✐❡✇✱ ❣r❡❛t❡r ❛❜✉♥❞❛♥❝❡ ♦❢ ❧❛❜♦✉r ✇♦✉❧❞ ❣♦ ❤❛♥❞ ✐♥ ❤❛♥❞ ✇✐t❤ ❛

❢❛❧❧ ✐♥ ✐ts r❡❧❛t✐✈❡ ♣r✐❝❡✳ ❖◆❙ ❞❛t❛ s✉❣❣❡st t❤❛t t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ❧❛❜♦✉r ❢❡❧❧ q✉✐t❡

s✉❜st❛♥t✐❛❧❧②✱ ❜② ❛r♦✉♥❞ ✷✵✪✱ ✐♥ t❤❡ ✷✵✵✾✲✶✺ ♣❡r✐♦❞ ✭❋✐❣✉r❡ ✼✮✳ ✶✵

■❢ ❝❛♣✐t❛❧ ❛♥❞ ❧❛❜♦✉r ❛r❡ ❣r♦ss ❝♦♠♣❧❡♠❡♥ts ✭❛♥❞ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ σ < 1✮✱ ❛♥

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

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

❯❙ ♦r s❡❝t♦r✲❧❡✈❡❧ ❞❛t❛ s✉❣❣❡st σ < 1✳ ❲❡ ❝♦♥s✐❞❡r ❋✐❣✉r❡ ✼ ❛s s✐♠♣❧② s✉❣❣❡st✐✈❡ ♦❢

r❛✇ ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❢❛❝t♦r ✐♥♣✉ts ❛♥❞ t❤❡✐r r❡❧❛t✐✈❡ ♣r✐❝❡s✳ ❚❤❡ s❡❝t♦r✲❧❡✈❡❧ ❞❛t❛✱

❛♥❞ ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✐♥❞✉str②✲s♣❡❝✐✜❝ ✜①❡❞ ❡✛❡❝ts r❡s✉❧ts ✐♥ ❛ s❤♦rt✲r✉♥ ❡st✐♠❛t❡ σ = 0.15

✭st❛♥❞❛r❞ ❡rr♦r ❂ ✵✳✵✶✸✮ ✇✐t❤ ❛ ❧♦♥❣✲r✉♥ σ = 0.69 ✭st❛♥❞❛r❞ ❡rr♦r ❂ ✵✳✵✷✷✮✳

▲❛❜♦✉r ❛♥❞ ❝❛♣✐t❛❧ ❛r❡ ❛❧s♦ ❧✐❦❡❧② ❵q✲❝♦♠♣❧❡♠❡♥ts✬ ♠❡❛♥✐♥❣ t❤❛t ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❧❛❜♦✉r

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

✐♠♠✐❣r❛t✐♦♥ ❛♥❞ ❧❛❜♦✉r ♠❛r❦❡t ❧✐t❡r❛t✉r❡✳ ■t ✐♠♣❧✐❡s t❤❛t ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❧❛❜♦✉r ✇✐❧❧ ✉❧✲

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

♠❛r❦❡t ✭❆♠✐♦r ❛♥❞ ▼❛♥♥✐♥❣✱ ✷✵✷✶✮✳ ❲❡ r❡t✉r♥ t♦ t❤❡ ❛❞❥✉st♠❡♥t ♦❢ t❤❡ ❝❛♣✐t❛❧ st♦❝❦ ✐♥

r❡s♣♦♥s❡ t♦ str♦♥❣❡r ❧❛❜♦✉r s✉♣♣❧② ❜❡❧♦✇✳

❖✈❡r❛❧❧✱ t❤✐s s✉❣❣❡sts ✇❡ s❤♦✉❧❞ ❡①♣❡❝t t❤❡ ❝❛♣✐t❛❧✴❧❛❜♦✉r r❛t✐♦ t♦ ❢❛❧❧ ❧❡ss t❤❛♥ ♣r♦✲

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

❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ s❤♦rt✲r✉♥✳ ❆❞❥✉st♠❡♥t ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ❝❛♣✐t❛❧ st♦❝❦ ♣❧❛②s ❛ ❦❡② r♦❧❡ ✐♥

tr❛♥s♠✐tt✐♥❣ t❤❡ ❜❡♥❡✜ts ♦❢ ❛ ❧❛r❣❡r ❧❛❜♦✉r ❢♦r❝❡ t❤r♦✉❣❤ t❤❡ ❡❝♦♥♦♠②✱ ❜✉t t❤✐s t❛❦❡s t✐♠❡✳

▼♦r❡ ❣❡♥❡r❛❧❧②✱ ❛ s❧♦✇❡r ❛❞❥✉st♠❡♥t ♦❢ ❝❛♣✐t❛❧ ✇✐❧❧ ✇❡✐❣❤ ♦♥ t❤❡ ❝❛♣✐t❛❧✴❧❛❜♦✉r r❛t✐♦ ✭❛♥❞

✶✵❆s ♠❡❛s✉r❡❞ ❜② t❤❡ ❖◆❙✱ t❤❡ ♣r✐❝❡ ♦❢ ❝❛♣✐t❛❧ ✐s t❤❡ ✐♠♣❧✐❡❞ ❛✈❡r❛❣❡ ♣r✐❝❡ ♦❢ ❝❛♣✐t❛❧ s❡r✈✐❝❡s ❢r♦♠ t❤❡
❡①✐st✐♥❣ st♦❝❦✳ ❚❤✐s ✐s ♠❡❛s✉r❡❞ ❛s ❣r♦ss ♦♣❡r❛t✐♥❣ s✉r♣❧✉s ❞✐✈✐❞❡❞ ❜② t❤❡ ❝❛♣✐t❛❧ s❡r✈✐❝❡s ✐♥❞❡①✳ ❚❤❡ ❢❛❝t♦r
♣r✐❝❡ ♦❢ ❧❛❜♦✉r ✐s ❝❛❧❝✉❧❛t❡❞ ❛s ❝♦♠♣❡♥s❛t✐♦♥ ♦❢ ❡♠♣❧♦②❡❡s ❞✐✈✐❞❡❞ ❜② t❤❡ q✉❛♥t✐t② ♦❢ ❧❛❜♦✉r ✐♥❞❡①✳ P❡ss♦❛
❛♥❞ ❱❛♥ ❘❡❡♥❡♥ ✭✷✵✶✹✮ ❛r❣✉❡❞ t❤❛t ❝❛♣✐t❛❧✴❧❛❜♦✉r s✉❜st✐t✉t✐♦♥ ♦✇❡❞ ♣❛rt❧② t♦ ✐♥❝r❡❛s❡❞ ✇❛❣❡ ✢❡①✐❜✐❧✐t②
❛♥❞ t❤✐s ❝♦♥tr✐❜✉t❡❞ t♦ ❛ ❧❛r❣❡ r♦❧❡ ❢♦r r❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ✐♥ ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ❯❑ ♣r♦❞✉❝t✐✈✐t②
s❤♦rt❢❛❧❧ ✉♣ t♦ ✷✵✶✷✳
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✭❜✮ ❈❛♣✐t❛❧✴▲❛❜♦✉r ❛♥❞ r❡❧❛t✐✈❡ ❢❛❝t♦r ♣r✐❝❡s

❋✐❣✉r❡ ✼✿ ❘❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛♥❞ r❡❧❛t✐✈❡ ♣r✐❝❡s

♣r♦❞✉❝t✐✈✐t②✮ ✐♥ r❡s♣♦♥s❡ t♦ ❛ r✐s❡ ✐♥ ❧❛❜♦✉r s✉♣♣❧②✳

✷✳✹ ❆ s✉♠♠❛r②

❲❡ s✉♠♠❛r✐s❡ t❤❡ ❢♦❧❧♦✇✐♥❣ st②❧✐s❡❞ ❢❛❝ts ❛❜♦✉t t❤❡ ❯❑✬s ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧✿

❼ ▲❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ s❧♦✇❡❞ ❜② ❛♥ ❛✈❡r❛❣❡ ♦❢ ✶✳✺♣♣ ♣❡r ②❡❛r ❜❡t✇❡❡♥ t❤❡

②❡❛rs ♣r❡❝❡❞✐♥❣ t❤❡ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❛♥❞ t❤❡ ✷✵✶✵s✳ ❋♦r t❤❡ ♠❛r❦❡t s❡❝t♦r✱ ✐t s❧♦✇❡❞

❜② s♦♠❡✇❤❛t ♠♦r❡✳

❼ ❚❤❡ s❧♦✇❞♦✇♥ ✇❛s q✉✐t❡ ❜r♦❛❞✲❜❛s❡❞✱ ❛♣♣❧②✐♥❣ ✐♥ ✶✹ ♦❢ ✶✽ s❡❝t♦rs✳

❼ ❚❤❡ s❧♦✇❞♦✇♥ ♣r❡❝❡❞❡❞ t❤❡ ❣❧♦❜❛❧ ✜♥❛♥❝✐❛❧ ❝r✐s✐s ❜② ✶✲✷ ②❡❛rs✱ ❜❡❣✐♥♥✐♥❣ ✐♥ ✷✵✵✻

✭❛♥❞ ✇❛s ✈❡r② ❧✐❦❡❧② ✐♥t❡♥s✐✜❡❞ ❜② t❤❡ ❝r✐s✐s✮✳

❼ ❘❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛❝❝♦✉♥t❡❞ ❢♦r ❜❡t✇❡❡♥ ♦♥❡✲q✉❛rt❡r ❛♥❞ ♦♥❡✲t❤✐r❞ ♦❢ t❤❡

s❧♦✇❞♦✇♥ ✐♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳ ❘❡❞✉❝❡❞ ❚❋P ❣r♦✇t❤ ✇❛s t❤❡ ❧❛r❣❡r ❢❛❝t♦r✳

❼ ❆ ❧♦✇❡r ❛❣❣r❡❣❛t❡ ❝❛♣✐t❛❧✴❧❛❜♦✉r r❛t✐♦ ✇❛s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❢❛❧❧✐♥❣ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢

❧❛❜♦✉r t♦ ❝❛♣✐t❛❧✳ ■♥ t❤❡ ✷✵✶✵s✱ t❤❡ r❡❧❛t✐✈❡ ♣r✐❝❡ ♦❢ ❧❛❜♦✉r ✭t♦ ❝❛♣✐t❛❧✮ ✇❛s ❛r♦✉♥❞

✶✵✪ ❧♦✇❡r t❤❛♥ ✐ts ♣r❡✲❝r✐s✐s ❛✈❡r❛❣❡✳
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❼ ❚❤❡ ✷✵✶✵s s❛✇ ❛ ❤✐st♦r✐❝❛❧❧② r❛♣✐❞ r❛t❡ ♦❢ ❧❛❜♦✉r ❢♦r❝❡ ❡①♣❛♥s✐♦♥✳✶✶

❼ ❆t ❛ ❞❡s❝r✐♣t✐✈❡ ❧❡✈❡❧✱ ❧❛r❣❡r ❧❛❜♦✉r ✐♥♣✉t ❡①♣❛♥s✐♦♥s ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❧♦✇❡r

❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ ❝❛♣✐t❛❧ ♣❡r ✇♦r❦❡r t♦ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳

✸ ❘✐s✐♥❣ ▲❛❜♦✉r ❙✉♣♣❧②

❲❡ ♥♦✇ ❞❡s❝r✐❜❡ ❦❡② ❢❡❛t✉r❡s ♦❢ t❤❡ ❯❑✬s r✐s✐♥❣ ❧❛❜♦✉r s✉♣♣❧②✱ ❛♠✐❞ r❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣✲

❡♥✐♥❣ ❛♥❞ t❤❡ ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧✳

✸✳✶ ❉♦♠❡st✐❝ ❧❛❜♦✉r s✉♣♣❧②

❙✐♥❝❡ ✷✵✵✺✱ t❤❡ ❯❑ ❧❛❜♦✉r ❢♦r❝❡ ❤❛s ❡①♣❛♥❞❡❞ ❜② ✸✳✽ ♠✐❧❧✐♦♥✱ ♦r ✶✷✳✺✪✳

❲❡ ❞✐s❝✉ss ♣♦♣✉❧❛t✐♦♥ ❝❤❛♥❣❡s ❜❡❧♦✇✱ ❛❧♦♥❣s✐❞❡ ♥❡t ♠✐❣r❛t✐♦♥✳ ■♥ t❛♥❞❡♠✱ t❤❡ ✶✻✰

❧❛❜♦✉r ❢♦r❝❡ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡ r♦s❡ ❜② ❛r♦✉♥❞ ✶♣♣ ❢r♦♠ ✷✵✵✺ ❛♥❞ s✐♠✐❧❛r❧② ❢r♦♠ ✐ts ✷✵✶✵

❧♦✇ ✭❋✐❣✉r❡ ✽✮✳ ❚❤❛t ✐s ❡q✉✐✈❛❧❡♥t t♦ ❛ r✐s❡ ♦❢ ❛r♦✉♥❞ ✸✶✵✱✵✵✵ ✐♥ t❤❡ ❧❛❜♦✉r ❢♦r❝❡✳ ❲❤✐❧❡

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

♣r♦❢♦✉♥❞ ❝❤❛♥❣❡s ✐♥ ♣❛rt✐❝✐♣❛t✐♦♥ ❛t ♦❧❞❡r ❛❣❡s✳ ■t ❛❧s♦ ✉♥❞❡rst❛t❡s t❤❡ ✉♥❞❡r❧②✐♥❣ s❤✐❢t ✐♥

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

❚❤❡ r✐s✐♥❣ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡ ✐s s✐❣♥✐✜❝❛♥t ❢♦r t❤r❡❡ r❡❛s♦♥s✳ ❋✐rst✱ ✐t ✐s ❛ s②♠♣t♦♠

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

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

❵t♦ t❤❡ r✐❣❤t✬ ❝❛♥ r❡❝♦♥❝✐❧❡ ❢❛❧❧✐♥❣ r❡❛❧ ✇❛❣❡s ✇✐t❤ ❛ ❤✐❣❤❡r ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡✳ ❙❡❝♦♥❞✱ ❛

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

q✉✐t❡ ♥♦t❛❜❧② ❢♦❧❧♦✇✐♥❣ t❤❡ r❡❝❡ss✐♦♥s ♦❢ t❤❡ ❡❛r❧②✲✶✾✽✵s ❛♥❞ ❡❛r❧②✲✶✾✾✵s✳ ❚❤❡r❡ ✐s ❡✈✐❞❡♥❝❡

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

❙❛❧❡❤❡❡♥ ✭✷✵✶✸✮ ✜♥❞ t❤❛t ♥❡❣❛t✐✈❡ ✜♥❛♥❝✐❛❧ s❤♦❝❦s ❛r❡ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥❝r❡❛s❡❞ ✐♥❝✐❞❡♥❝❡

♦❢ ♣❛rt✐❝✐♣❛t✐♥❣ ✐♥ t❤❡ ❧❛❜♦✉r ♠❛r❦❡t ❛♥❞ ✐♥❝r❡❛s❡❞ ❞❡s✐r❡❞ ✇♦r❦✐♥❣ ❤♦✉rs✳ ❇❧✉♥❞❡❧❧ ❡t ❛❧

✭✷✵✶✻✮ ✜♥❞ t❤❛t ❢❛♠✐❧✐❡s s❡❧❢✲✐♥s✉r❡ ❛❞✈❡rs❡ s❤♦❝❦s t❤r♦✉❣❤ ✐♥❝r❡❛s❡❞ ❧❛❜♦✉r s✉♣♣❧②✳ ❚❤❡②

✜♥❞ t❤❛t ❢❛♠✐❧✐❡s ❞♦ t❤✐s ♠✉❝❤ ♠♦r❡ ♦❢t❡♥ t❤❛♥ t❤❡② ✉s❡ ❝r❡❞✐t ♠❛r❦❡ts✱ t❤❡ tr❛❞✐t✐♦♥❛❧

✶✶❇❛s❡❞ ♦♥ ❇❛♥❦ ♦❢ ❊♥❣❧❛♥❞ ❞❛t❛✱ t❤✐s ✇❛s t❤❡ ❯❑✬s ♠♦st r❛♣✐❞ ❧❛❜♦✉r ❢♦r❝❡ ❡①♣❛♥s✐♦♥ s✐♥❝❡ t❤❡ ✶✾✹✵s✳
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♠❡❛♥s ♦❢ ❛❞❥✉st♠❡♥t ❡♠♣❤❛s✐s❡❞ ✐♥ ♠♦❞❡❧s ♦❢ ❤♦✉s❡❤♦❧❞ ❜❡❤❛✈✐♦✉r t❤❛t t❛❦❡ ❧❛❜♦✉r s✉♣♣❧②

❛s ❣✐✈❡♥✳

❚❤✐r❞✱ t❤❡ r✐s❡ ✐♥ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡ ❤❛s ♦❝❝✉rr❡❞ ❞❡s♣✐t❡ t❤❡ ❞r❛❣ ❢r♦♠ ❛ r✐s✐♥❣ ✐♥❝✐❞❡♥❝❡

♦❢ ♦❧❞❡r ♣❡rs♦♥s ✇✐t❤ ❜❡❧♦✇✲❛✈❡r❛❣❡ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡s✳ ❚❤✐s ❝♦♠♣♦s✐t✐♦♥❛❧ ❡✛❡❝t ✇❛s

❛ ❞r❛❣ ♦♥ ♣❛rt✐❝✐♣❛t✐♦♥✱ ❡s♣❡❝✐❛❧❧② ❢r♦♠ ✷✵✶✵✳ ❆ ❧❛r❣❡ ❜❡❤❛✈✐♦✉r❛❧ ❡✛❡❝t ✭❢r♦♠ ❤✐❣❤❡r

♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡ ❛t ❛ s♣❡❝✐✜❝ ❛❣❡✱ ❡s♣❡❝✐❛❧❧② ❛♠♦♥❣ ♦❧❞❡r ♣❡rs♦♥s✮ ♠♦r❡ t❤❛♥ ♦✛s❡t t❤❡

✐♥❝r❡❛s❡❞ ✐♥❝✐❞❡♥❝❡ ♦❢ ♦❧❞❡r ♣❡rs♦♥s t♦ r❡s✉❧t ✐♥ t❤❡ ❤✐❣❤❡r ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡✳✶✷ ❋✐❣✉r❡ ✽

✐❧❧✉str❛t❡s t❤✐s ♣♦✐♥t✳ ❚❤❡ ❜❡❤❛✈✐♦✉r❛❧ ❡✛❡❝t ❛♠♦♥❣ t❤♦s❡ ❛❣❡❞ ✺✵✲✻✹ ❝♦♥tr✐❜✉t❡❞ ✰✸♣♣ t♦

❛ r✐s❡ ✐♥ ♣❛rt✐❝✐♣❛t✐♦♥✱ ✇✐t❤ ❛♥ ❛❞❞✐t✐♦♥❛❧ ✶♣♣ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤♦s❡ ❛❣❡❞ ✻✺✰✳✶✸

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

❛♥❞ ❊❛st❡r♥ ❊✉r♦♣❡ ❛s t❤❡ ❆✽ ❝♦✉♥tr✐❡s ❥♦✐♥❡❞ t❤❡ ❊❯ ❢r♦♠ ✷✵✵✹ ✭P♦rt❡s✱ ✷✵✶✻❀ ❖✉❧t♦♥✱

✷✵✶✽✮✳ ❯♥❧✐❦❡ ♠♦st ♦❢ t❤❡ ❊❯✱ t❤❡ ❯❑ ❝❤♦s❡ ♥♦t t♦ ❛♣♣❧② tr❛♥s✐t✐♦♥❛❧ ❝♦♥tr♦❧s ♦♥ ♠✐❣r❛t✐♦♥

❢r♦♠ t❤❡ ❆✽ ❛❝❝❡ss✐♦♥ ❝♦✉♥tr✐❡s✳ ■♥ ♠✉❝❤ ♦❢ ❲❡st❡r♥ ❊✉r♦♣❡ t❤❡s❡ tr❛♥s✐t✐♦♥❛❧ ❝♦♥tr♦❧s

✶✷❇❡♥✐t♦ ❛♥❞ ❇✉♥♥ ✭✷✵✶✶✮✳
✶✸❚❤❡ st❛t❡ r❡t✐r❡♠❡♥t ❛❣❡ ❢♦r ✇♦♠❡♥ ✐♥❝r❡❛s❡❞ ❣r❛❞✉❛❧❧② ❢r♦♠ ✻✵ t♦ ✻✺ ❜❡t✇❡❡♥ ✷✵✶✵ ❛♥❞ ❧❛t❡✲✷✵✶✽✱

♣✉tt✐♥❣ ✐t ✐♥✲❧✐♥❡ ✇✐t❤ ♠❡♥✬s st❛t❡ ♣❡♥s✐♦♥ ❛❣❡✳ ❋r♦♠ ▼❛r❝❤ ✷✵✶✾✱ t❤❡ st❛t❡ ♣❡♥s✐♦♥ ❛❣❡ r♦s❡ ✭❢♦r ❜♦t❤
✇♦♠❡♥ ❛♥❞ ♠❡♥✮ ❜② ❛ ❢✉rt❤❡r ②❡❛r t♦ ✻✻ ✐♥ ❙❡♣t❡♠❜❡r ✷✵✷✵✳ ▼✐❝r♦ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts r❛✐s✐♥❣ ✇♦♠❡♥✬s
r❡t✐r❡♠❡♥t ❛❣❡ ❛❧s♦ r❛✐s❡s ♠❡♥✬s r❡t✐r❡♠❡♥t ❛❣❡s✱ ❛♥❞ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡s ♦✈❡r❛❧❧✱ ❛s ♦❧❞❡r ❝♦✉♣❧❡s t✐♠❡ t❤❡✐r
r❡t✐r❡♠❡♥t ❞❡❝✐s✐♦♥s ❥♦✐♥t❧②✳

✶✺



❞✐❞ ♥♦t ❡♥❞ ❝♦♠♣❧❡t❡❧② ✉♥t✐❧ ▼❛② ✷✵✶✶✳

✸✳✷ ◆❡t ♠✐❣r❛t✐♦♥ ❛♥❞ ♦❧❞❡r ♣❡rs♦♥s✬ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡s

◆❡t ✐♥✇❛r❞ ♠✐❣r❛t✐♦♥ ❤❛s ❜❡❡♥ ❤✐st♦r✐❝❛❧❧② ❤✐❣❤ s✐♥❝❡ t❤❡ ♠✐❞✲✶✾✾✵s✳ ❋r♦♠ ✷✵✵✺ t♦ ✷✵✶✾✱

♥❡t ✐♥✇❛r❞ ♠✐❣r❛t✐♦♥ t♦t❛❧❧❡❞ ✸✳✽ ♠✐❧❧✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ P❛ss❡♥❣❡r ❙✉r✈❡②✳ ❚❤✐s

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

t♦t❛❧❧❡❞ ✷✳✼ ♠✐❧❧✐♦♥✳

❆r♦✉♥❞ ♦♥❡✲❤❛❧❢ ♦❢ ♠✐❣r❛♥ts ✭❜♦t❤ ✐♥❜♦✉♥❞ ❛♥❞ ♦✉t❜♦✉♥❞✮ ♣❛rt✐❝✐♣❛t❡ ✐♥ t❤❡ ❧❛❜♦✉r

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

✭❋✐❣✉r❡ ✾✱ ❜❛s❡❞ ♦♥ t❤❡ ▲❛❜♦✉r ❋♦r❝❡ ❙✉r✈❡② ❢r♦♠ ✶✾✾✼◗✶ t♦ ✷✵✶✾◗✹✮✳ ❋r♦♠ ✷✵✵✺✱ ♠✐❣r❛♥ts

❝♦♥tr✐❜✉t❡❞ ✸✳✷♠♥ t♦ t❤❡ ❡①♣❛♥s✐♦♥ ✐♥ t❤❡ ❧❛❜♦✉r ❢♦r❝❡ ❛♥❞ t❤♦s❡ ❯❑✲❜♦r♥ ❝♦♥tr✐❜✉t❡❞

✶✳✶♠♥✳ ❙✐♥❝❡ t❤❡ ✷✵✶✻ ❇r❡①✐t ✈♦t❡✱ t❤❡ ♣r♦♣♦rt✐♦♥s ♦❢ ✐♥✇❛r❞ ♠✐❣r❛t✐♦♥ t❤❛t ❤❛s ❜❡❡♥ ♦❢

❊❯ ❝✐t✐③❡♥s ❤❛s ❢❛❧❧❡♥✳

❚❤❡ ✐♥❝r❡❛s❡ ✐♥ ❧❛❜♦✉r ❢♦r❝❡ t❤❛t ♦♥❡ ❝❛♥ ❛ttr✐❜✉t❡ t♦ ♦❧❞❡r ♣❡rs♦♥s ✐s ❛❜♦✉t ♦♥❡✲t❤✐r❞

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

✷✵✵✺ ♦❢ t❤♦s❡ ❛❣❡❞ ✺✵✰✱ ✇❤✐❝❤ ♣✉s❤❡❞ ✉♣ ♦♥ t❤❡ ❛❣❣r❡❣❛t❡ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡ ❜② ❛❧♠♦st

✹♣♣✱ ✐♠♣❧✐❡❞ ❛ ✶✳✶ ♠✐❧❧✐♦♥ r✐s❡ ✐♥ ❧❛❜♦✉r ❢♦r❝❡✳

●❧♦❜❛❧ ❧❛❜♦✉r s✉♣♣❧② ❛♥❞ ❈❤✐♥❛

■t ✐s ❛❧s♦ ✇♦rt❤ ♥♦t✐♥❣ ❛ ♣♦t❡♥t✐❛❧ r♦❧❡ ❢♦r ❣❧♦❜❛❧ ❧❛❜♦✉r s✉♣♣❧② ❛s ♣❛rt ♦❢ ❈❤✐♥❛✬s ✐♥t❡❣r❛t✐♦♥

✐♥t♦ t❤❡ ❣❧♦❜❛❧ tr❛❞✐♥❣ s②st❡♠ ❢r♦♠ t❤❡ ❡❛r❧②✲✷✵✵✵s✳ ❚❤✐s ♠❛② ❤❛✈❡ ❡♥❝♦✉r❛❣❡❞ t❤❡ ❯❑✬s

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

✐♠♣♦rt❡❞ ♠♦r❡ ♠❛♥✉❢❛❝t✉r❡❞ ❣♦♦❞s✳ ❆❧t❤♦✉❣❤ ❯❑ ♠❛♥✉❢❛❝t✉r✐♥❣ ♦✉t♣✉t r♦s❡ ❜② ✵✳✻✪

❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✵✼✱ ❤♦✉rs ✇♦r❦❡❞ ❢❡❧❧ ❜② ✷✺✳✽✪✳ ❇❡t✇❡❡♥ ✷✵✶✵ ❛♥❞ ✷✵✶✾✱ ♠❛♥✉❢❛❝t✉r✐♥❣

♦✉t♣✉t r♦s❡ s❧✐❣❤t❧②✱ ❜② ✹✳✹✪✱ ❜✉t s♦ t♦♦ ❞✐❞ ❤♦✉rs ✇♦r❦❡❞✱ ❜② ✷✳✷✪✱ ❛s s❡❝t♦r ♣r♦❞✉❝t✐✈✐t②

❤❛s st❛❣♥❛t❡❞✳

❆✉t♦r ❡t ❛❧✳ ✭✷✵✶✻✮ r❡♣♦rt t❤❛t ✐♠♣♦rt ❣r♦✇t❤ ❢r♦♠ ❈❤✐♥❛ ❜❡t✇❡❡♥ ✶✾✾✾ ❛♥❞ ✷✵✶✶ ❧❡❞

t♦ ❛♥ ❡♠♣❧♦②♠❡♥t r❡❞✉❝t✐♦♥ ♦❢ ✷✳✹ ♠✐❧❧✐♦♥ ✇♦r❦❡rs ✐♥ t❤❡ ❯❙✱ ♣r✐♠❛r✐❧② ✐♥ ♠❛♥✉❢❛❝t✉r✐♥❣✳

P❡ss♦❛ ✭✷✵✶✻✮ ✜♥❞s t❤❛t s♦♠❡ tr❛❞❡ s❤♦❝❦ ❡✛❡❝ts ❛r❡ ❝♦♠♣❛r❛❜❧❡ ✐♥ t❤❡ ❯❑ ❛s t❤❡ ❯❙✳
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Labour force (rhs)0200400 2025303540
1970 1980 1990 2000 2010 2020yearChange in Population p.a. 

(000s) Labour Force (millions)Births less deaths Net migrationSources: ONS, NIESR
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0200040006000
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Ex-EU Migrants EU Migrants UK-bornSources: ONS, NIESR

✭❜✮ ▲❛❜♦✉r ❢♦r❝❡ ❛♥❞ ♠✐❣r❛t✐♦♥✱ ❝✉♠✉❧❛t✐✈❡

❋✐❣✉r❡ ✾✿ P♦♣✉❧❛t✐♦♥ ❣r♦✇t❤✱ t❤❡ ❧❛❜♦✉r ❢♦r❝❡ ❛♥❞ ♠✐❣r❛t✐♦♥

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

✹✳✶ ❚❤❡ ❧♦♥❣✲r✉♥

❖♥❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ ♦✉r ❣r♦✇t❤ ❛❝❝♦✉♥t✐♥❣ ❡①❡r❝✐s❡ ✐s t❤❛t t❤❡ ♦❜s❡r✈❡❞ r❡❞✉❝❡❞ r❛t❡ ♦❢

❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ✐s ❛ r❡s♣♦♥s❡ t♦ t❤❡ s❧♦✇❞♦✇♥ ✐♥ ❚❋P ❣r♦✇t❤ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✜♥❛♥❝✐❛❧

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

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

❝❛♣✐t❛❧ t♦ ❡q✉❛❧ t❤❡ r❡❛❧ ✐♥t❡r❡st r❛t❡✳ ❯♥❞❡r ❝♦♥st❛♥t r❡t✉r♥s t♦ s❝❛❧❡✱ ❜♦t❤ ♣r♦❞✉❝t✐✈✐t②

❛♥❞ t❤❡ ❝❛♣✐t❛❧✴❧❛❜♦✉r r❛t✐♦ ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ s✐③❡ ♦❢ t❤❡ ❧❛❜♦✉r ❢♦r❝❡✳✶✹

❚♦ ✐❧❧✉str❛t❡ t❤✐s ♣♦✐♥t✱ ❝♦♥s✐❞❡r ❛ ❈♦❜❜✲❉♦✉❣❧❛s ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❡

❢♦❧❧♦✇✐♥❣ ❢♦r ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✭②✲❧✮✳

y − l = a+ b(k − l) ✭✶✮

✶✹❖✉r s✐♠✉❧❛t✐♦♥ ❡①❡r❝✐s❡ ❛✈♦✐❞s t❤✐s ✐♥t❡r♣r❡t❛t✐♦♥ s✐♥❝❡ ✐t ❡①♣❧✐❝✐t❧② ❝♦♥s✐❞❡rs t❤❡ ❡❝♦♥♦♠②✬s r❡s♣♦♥s❡
t♦ ❛ ❧❛❜♦✉r s✉♣♣❧② s❤♦❝❦✳

✶✼



✇❤❡r❡ ② ❂ ❧♦❣ ♦✉t♣✉t✱ ❧ ❂ ❧♦❣ ❧❛❜♦✉r ❢♦r❝❡✱ ❦ ❂ ❧♦❣ ❝❛♣✐t❛❧ st♦❝❦✱ ❛ ❂ ❧♦❣ ❚❋P✱ ❜ ❂

❝❛♣✐t❛❧ s❤❛r❡✳ ❚❤✐s ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ✜rst✲♦r❞❡r ❝♦♥❞✐t✐♦♥✿

(1− b)(l − k) = log(r/b)− a ✭✷✮

✇✐t❤ r ❂ ❞✐s❝♦✉♥t r❛t❡✳ ❚❤✐s ❧❡❛❞s t♦✿

y − l = a+ [b/(1− b)][a− log(r/b)] = a/(1− b)− [b/(1− b)].log(r/b) ✭✸✮

✐♠♣❧②✐♥❣ t❤❛t ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✭y − l✮ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ q✉❛♥t✐t② ♦❢ ❧❛❜♦✉r s✉♣✲

♣❧✐❡❞ ✭l✮✳ ■♥ t❤❡ ❧♦♥❣✲r✉♥✱ ❛♥❞ ❣✐✈❡♥ ❞✐♠✐♥✐s❤✐♥❣ ♠❛r❣✐♥❛❧ r❡t✉r♥s t♦ ❧❛❜♦✉r ✭❛♥❞ ❝❛♣✐t❛❧✮✱

r✐s❡s ✐♥ t❤❡ s✐③❡ ♦❢ t❤❡ ❧❛❜♦✉r ❢♦r❝❡ ❞♦ ♥♦t ❛✛❡❝t ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❛s t❤❡ ♦♣t✐♠✉♠ ❝❛♣✐t❛❧

st♦❝❦ ✇✐❧❧ ✐♥❝r❡❛s❡ ✐♥ ❧✐♥❡ ✇✐t❤ ❧❛❜♦✉r s✉♣♣❧② ✐♥ ❡q✉✐❧✐❜r✐✉♠✳

❋r♦♠ ✭✷✮✱ ❛ ♥❡❣❛t✐✈❡ ❚❋P s❤♦❝❦ ✭a✮ ❛❧s♦ ✐♠♣❧✐❡s r❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣✳ ❚❤✐s ♠❡❛♥s

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

❞❡❡♣❡♥✐♥❣ ❛♥❞ ❛ ❧❛❜♦✉r s✉♣♣❧② s❤♦❝❦✳ ■♥st❡❛❞✱ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t②

❛❧♦♥❡ ❞❡t❡r♠✐♥❡s t❤❡ ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧✳ ■♥ t❤❡ ❧♦♥❣ r✉♥✱ ❛s Pr❡s❝♦tt ✭✶✾✾✽✱ ♣✳✺✷✻✮

♣✉ts ✐t✱ ✏❚♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t② ❞❡t❡r♠✐♥❡s ❧❛❜♦r ♣r♦❞✉❝t✐✈✐t②✱ ♥♦t ♦♥❧② ❞✐r❡❝t❧②✱ ❜✉t ❛❧s♦

✐♥❞✐r❡❝t❧② ❜② ❞❡t❡r♠✐♥✐♥❣ ❝❛♣✐t❛❧ ♣❡r ✇♦r❦❡r✳✑

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

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

❜❡st s❡❡♥ ❛s ❛ ✈✐❡✇ ♦❢ t❤❡ ❵♠❡❞✐✉♠✲r✉♥✬✳✶✺ ❇✉t t❤✐s ✐s ✐♠♣♦rt❛♥t ❜❡❝❛✉s❡ ❛❞❥✉st♠❡♥t ❞♦❡s

♥♦t ♦❝❝✉r ✐♥st❛♥t❛♥❡♦✉s❧②✳

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

❛❣❣r❡❣❛t❡ s✉♣♣❧② ❝✉r✈❡ ❵t♦ t❤❡ r✐❣❤t✬ ❛♥❞ ❝❛✉s❡s ❛❝t✉❛❧ ♦✉t♣✉t t♦ r✐s❡ ✐♥ ❧✐♥❡ ✇✐t❤ ✐♥❝r❡❛s❡❞

♣♦t❡♥t✐❛❧✳ ■♥ t❤❡ s❤♦rt r✉♥✱ ❣r❡❛t❡r ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❧❛❜♦✉r ♣✉s❤❡s ❞♦✇♥ ♦♥ r❡❛❧ ✇❛❣❡s ❛♥❞✱

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

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

✶✺❆s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛✛❡❝t✐♥❣ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❞✉r✐♥❣ ❛♥ ❡①t❡♥s✐✈❡ ♣❡r✐♦❞✱ ❖✉❧t♦♥
✭✷✵✷✵✮ ❝✐t❡s t❤❡ ❝❛s❡ ♦❢ ♣♦st✲❲❛r r❡❝♦♥str✉❝t✐♦♥✳ P♦st✲✇❛r r❡❝♦♥str✉❝t✐♦♥ r❛✐s❡❞ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❞✉r✐♥❣
❛♥ ❡①t❡♥s✐✈❡✱ ♣♦st✲✇❛r ♣❡r✐♦❞✳ ❲❡ t❤✐♥❦ ♦❢ t❤❡ r♦❧❡ ♦❢ t❤❡ ❧❛❜♦✉r ❢♦r❝❡ ❡①♣❛♥s✐♦♥ s✐♥❝❡ t❤❡ ♠✐❞✲✷✵✵✵s ❛s
❜❡✐♥❣ t❤❡ ♠✐rr♦r ✐♠❛❣❡ ♦❢ t❤❛t ♣♦st✲✇❛r ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣✳

✶✽



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

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

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

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

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

t✐♦♥❛t❡❧② t♦ ✐♥❝r❡❛s❡❞ ❧❛❜♦✉r s✉♣♣❧② ❛♥❞ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✇✐❧❧ ✉❧t✐♠❛t❡❧② ❜❡ ✉♥❛✛❡❝t❡❞

❜② t❤❡ ❧❛❜♦✉r s✉♣♣❧② s❤♦❝❦ ✭❡✳❣✳ ❇♦r❥❛s✱ ✷✵✶✾✮✳

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

r❡❧❛t❡❞❧② ✐ts ✐♠♣❛❝t ♦♥ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✐♥ t❤❡ ♠❡❛♥t✐♠❡✳ ■♥ ❛♥ ✐♥✢✉❡♥t✐❛❧ ❛♥❛❧②s✐s ♦❢

✐♠♠✐❣r❛t✐♦♥ ✐♥ t❤❡ ❯❙✱ ❖tt❛✈✐❛♥♦ ❛♥❞ P❡r✐ ✭✷✵✶✷✮ ❡①♣❧✐❝✐t❧② t❛❦❡ ❝❛♣✐t❛❧ ❛❞❥✉st♠❡♥ts ✐♥t♦

❛❝❝♦✉♥t✳ ❚❤❡② ♥♦t❡ t❤❛t ❵t❤❡ r❡❝❡♥t ❣r♦✇t❤ ❧✐t❡r❛t✉r❡ ✉s✉❛❧❧② ❡st✐♠❛t❡s ❛ ✶✵✪ s♣❡❡❞ ♦❢

❝♦♥✈❡r❣❡♥❝❡ ♦❢ ❝❛♣✐t❛❧ t♦ t❤❡ ♦✇♥ ❜❛❧❛♥❝❡❞ ❣r♦✇t❤ ♣❛t❤ ❢♦r ❛❞✈❛♥❝❡❞ ✭❖❊❈❉✮ ❡❝♦♥♦♠✐❡s

✭■s❧❛♠✱ ✶✾✾✺❀ ❈❛s❡❧❧✐ ❡t ❛❧ ✶✾✾✻✮✬✳ ❚❤❡② ❡st✐♠❛t❡ ❛ s✐♠✐❧❛r r❛t❡ ♦❢ ❝♦♥✈❡r❣❡♥❝❡ ❜❛s❡❞ ♦♥ ❯❙

❞❛t❛✱ ✶✾✻✵✲✷✵✵✹✳

❆❝❝♦r❞✐♥❣ t♦ ❉✉st♠❛♥♥ ❡t ❛❧ ✭✷✵✵✽✮✱ ✏t❤✐s ❛❞❥✉st♠❡♥t s♣❡❡❞ ♠❡❛♥s t❤❛t✱ ✐♥st❡❛❞ ♦❢

r❡❞✉❝✐♥❣ t❤❡ ❝❛♣✐t❛❧✴❧❛❜♦✉r r❛t✐♦ ❜② ✶✶✪ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❛✈❡r❛❣❡ r❡❛❧ ✇❛❣❡s ❜② ✸✳✻✪✱

t❤❡ ✐♠♠✐❣r❛♥t ✐♥✢♦✇s t♦ t❤❡ ❯❙ ❜❡t✇❡❡♥ ✶✾✾✵ ❛♥❞ ✷✵✵✹ ♦♥❧② r❡❞✉❝❡❞ t❤❡ ❝❛♣✐t❛❧✴❧❛❜♦✉r

r❛t✐♦ ❜② ✸✳✹✪✱ ✇❤✐❝❤ ✐♥ t✉r♥ ✐♠♣❧✐❡s ❛ ♠✉❝❤ s♠❛❧❧❡r ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦❢ ♦♥❧② ✶✳✶✪ ♦♥ ❛✈❡r❛❣❡

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

❡✛❡❝t ♦♥ ❛✈❡r❛❣❡ ✇❛❣❡s ✐♥ t❤❡ ❡❝♦♥♦♠②✳✑✶✻

❖✉r ♦✇♥ ❛ss❡ss♠❡♥t ✐s t❤❛t ❛❞❥✉st♠❡♥t ❝♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❛❜❧② s❧♦✇❡r t❤❛♥ t❤✐s ✐♥ t❤❡

❯❑ ❝♦♥t❡①t✱ r❡s✉❧t✐♥❣ ✐♥ ❛♥ ❡①t❡♥❞❡❞ ♣❡r✐♦❞ ♦❢ ✇❡❛❦ ♣r♦❞✉❝t✐✈✐t②✳ ❚❤✐s ❧❛r❣❡❧② r❡✢❡❝ts

t❤❡ ❛♣♣❛r❡♥t s❧♦✇ ❛❞❥✉st♠❡♥t ♦❢ ✜①❡❞ ✐♥✈❡st♠❡♥t t♦ ✐ts ❞❡t❡r♠✐♥❛♥ts✳ ❙♦♠❡ ♦❢ t❤❡ ❦❡②

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

❝r✐s✐s✳

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

r❡❝❡♥t ❯❑ q✉❛rt❡r❧② ♥❛t✐♦♥❛❧ ❛❝❝♦✉♥ts ❞❛t❛✳✶✼ ❚❤❡ ♠♦❞❡❧ ❤✐❣❤❧✐❣❤ts t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❛♥

✶✻❙❡❡ ❛❧s♦ ❋✉r❧❛♥❡tt♦ ❛♥❞ ❘♦❜st❛❞ ✭✷✵✶✾✮✳
✶✼❚❤❡ ❉②♥❛♠✐❝ ❙❡❝t♦r❛❧ ▼♦❞❡❧ ✐s ❛ ♣r♦t♦t②♣❡ s❡❝t♦r❛❧ ♠♦❞❡❧ t❤❛t ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❛t ◆■❊❙❘✳ ■t ✐s

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

✶✾



❡①t❡♥❞❡❞ ♣❡r✐♦❞ ♦❢ ✇❡❛❦ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❢♦❧❧♦✇✐♥❣ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❧❛❜♦✉r s✉♣♣❧②✱ ❛♥❞

✐❧❧✉str❛t❡s t❤❡ ❦❡② ❝❤❛♥♥❡❧s ✐♥✈♦❧✈❡❞✳

✹✳✷ ❆ s✐♠✉❧❛t✐♦♥ ❡①❡r❝✐s❡

❚❤❡ ✉♥❞❡r❧②✐♥❣ ♠❛❝r♦❡❝♦♥♦♠✐❝ str✉❝t✉r❡ ✐s ❛ st❛♥❞❛r❞ ✭❜✉t ♥♦♥✲❉❙●❊✮ ♦♣❡♥✲❡❝♦♥♦♠②✱

◆❡✇ ❑❡②♥❡s✐❛♥ ♠♦❞❡❧ ❜❛s❡❞ ❛r♦✉♥❞ ❛♥ ■❙ ❝✉r✈❡✱ ❛ P❤✐❧❧✐♣s ❝✉r✈❡ ❛♥❞ ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢

♠♦♥❡t❛r② ♣♦❧✐❝② ❜❡❤❛✈✐♦✉r✳ ❚❤❡ ♠♦❞❡❧ ✐♥❝❧✉❞❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❢❡❛t✉r❡s✿

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

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

♣r♦❣r❡ss✳ ❚❤❡ ♠♦❞❡❧ ❞✐s❛❣❣r❡❣❛t❡s ♣r♦❞✉❝t✐♦♥ ✐♥t♦ ❡✐❣❤t ✐♥❞✉str✐❛❧ s❡❝t♦rs✳ ✶✽ ❊❛❝❤

s❡❝t♦r ❤❛s ✐ts ♦✇♥ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ ❛♥❞ ❞✐✛❡rs ✐♥ t❡r♠s ♦❢ t❤❡ ❡st✐♠❛t❡❞ ❢❛❝t♦r

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

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

❼ ❆ ❢♦r✇❛r❞✲❧♦♦❦✐♥❣ ✐♥✈❡st♠❡♥t ❢✉♥❝t✐♦♥ t❤❛t r❡❧❛t❡s t❤❡ ✐♥✈❡st♠❡♥t r❛t❡ t♦ t❤❡ ❞✐✛❡r✲

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

❛♥❞ t❤❡ ❝♦st ♦❢ ❝❛♣✐t❛❧✳ ❚❤❡ ❡q✉❛t✐♦♥ ✉s❡❞ ✐♥ ❡❛❝❤ s❡❝t♦r ✐s✿

Iit/Kit−1 = βi0 + βi1(∂Y
V

i
/∂Ki − uit − φit) + βi2Iit+1/Kit

■♥ t❤❡♦r②✱ βi1 ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❝♦st ♦❢ ❛❞❥✉st✐♥❣ t❤❡ ❝❛♣✐t❛❧ st♦❝❦ ✖ t❤❡ ❧❛r❣❡r t❤❡

❛❞❥✉st♠❡♥t ❝♦st t❤❡ s♠❛❧❧❡r ✐s βi1 ✖ ❛♥❞ βi2 ≈ 1−δi✱ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ ❝❛♣✐t❛❧ st♦❝❦ t❤❛t

s✉r✈✐✈❡s ❢r♦♠ ♦♥❡ ♣❡r✐♦❞ t♦ t❤❡ ♥❡①t✳ ❚❤❡ t❡r♠ ∂Y V

i
/∂Ki−uit−φit ✐s t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝t

♦❢ ❝❛♣✐t❛❧ ❧❡ss t❤❡ ✉s❡r ❝♦st ❛❞❥✉st❡❞ ❢♦r ❛ t✐♠❡✲✈❛r②✐♥❣ ♣r❡♠✐✉♠ r❡✢❡❝t✐♥❣ ✉♥❝❡rt❛✐♥t② ❛♥❞

❜♦rr♦✇✐♥❣ r❡str✐❝t✐♦♥s ♥♦t ❛❧r❡❛❞② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ✉s❡r ❝♦st✳ ❚❤❡ ✈❛❧✉❡s βi1 ❂ ✵✳✵✶✸ ❛♥❞

βi2 ❂ ✵✳✾ ❛r❡ ✐♠♣♦s❡❞ ✐♥ ❡❛❝❤ s❡❝t♦r✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ❜❛s❡❞ ♦♥ ❡st✐♠❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡

♠❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r✳

■♥st✐t✉t❡ ●❧♦❜❛❧ ❊❝♦♥♦♠❡tr✐❝ ▼♦❞❡❧ ✭◆✐●❊▼✮✱ s❡❡ ▲❡♥♦❡❧ ❛♥❞ ❨♦✉♥❣ ✭✷✵✷✶✮✳
✶✽❚❤❡ ✽ s❡❝t♦rs ❛r❡✿ ♠✐♥✐♥❣ ❛♥❞ q✉❛rr②✐♥❣✱ ♠❛♥✉❢❛❝t✉r✐♥❣✱ ❝♦♥str✉❝t✐♦♥✱ ♣r✐✈❛t❡ tr❛❞❡❞ s❡r✈✐❝❡s✱ ♣r✐✈❛t❡

♥♦♥✲tr❛❞❡❞ s❡r✈✐❝❡s✱ ✜♥❛♥❝✐❛❧ s❡r✈✐❝❡s✱ ♣✉❜❧✐❝ s❡❝t♦r ❛♥❞ ❛♥ ❡♥❡r❣② s❡❝t♦r ❝♦♠♣r✐s✐♥❣ ❛❣r✐❝✉❧t✉r❡✱ ❡❧❡❝tr✐❝✐t②
❛♥❞ ✇❛t❡r✳ ■♠♣✉t❡❞ r❡♥t ✐s ❛❧s♦ tr❡❛t❡❞ ❛s ❛ s❡♣❛r❛t❡ ✐♥❞✉str②✳

✷✵



❼ ❆ ❢♦r✇❛r❞✲❧♦♦❦✐♥❣ ❝♦♥s✉♠♣t✐♦♥ ❢✉♥❝t✐♦♥ t❤❛t r❡❧❛t❡s s♣❡♥❞✐♥❣ t♦ ❡①♣❡❝t❡❞ ♣❡r♠❛♥❡♥t

♥♦♥✲♣r♦♣❡rt② ✐♥❝♦♠❡✱ ♥❡t ✜♥❛♥❝✐❛❧ ✇❡❛❧t❤ ❛♥❞ r❡❛❧ ✐♥t❡r❡st r❛t❡s✳ ❊①♣❡❝t❡❞ ♣❡r♠❛✲

♥❡♥t ♥♦♥✲♣r♦♣❡rt② ✐♥❝♦♠❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❞✐s❝♦✉♥t❡❞ ✈❛❧✉❡ ♦❢ ❡①♣❡❝t❡❞ ❢✉t✉r❡

♥♦♥✲♣r♦♣❡rt② ✐♥❝♦♠❡ ❛❞❥✉st❡❞ ❢♦r ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤✳

❼ ❆ ✇❛❣❡ ❛♥❞ ♣r✐❝❡ s②st❡♠ t❤❛t ❡♥s✉r❡s t❤❛t ✉♥❡♠♣❧♦②♠❡♥t ❛♥❞ t❤❡ ♦✉t♣✉t ❣❛♣ s❡tt❧❡

❛t ❡q✉✐❧✐❜r✐✉♠ ✈❛❧✉❡s ✐♥ t❤❡ ♠❡❞✐✉♠ t❡r♠✳ ❉♦♠❡st✐❝ ♣r✐❝❡s ✭t❤❡ ●❉P ❞❡✢❛t♦r✮ ❛r❡

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

❜② ♣r♦❞✉❝t✐✈✐t② ❛♥❞ ❡①♣❡❝t❡❞ ♣r♦❞✉❝❡r ♣r✐❝❡s ✭●❉P ❞❡✢❛t♦r✮✳ ❈♦♥s✉♠❡r ♣r✐❝❡s ❛r❡

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

❼ ❊①♣♦rts ❛♥❞ ✐♠♣♦rts ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② ✐♥t❡r♥❛t✐♦♥❛❧ ❛♥❞ ❞♦♠❡st✐❝ ❞❡♠❛♥❞ ❛♥❞ ❜②

♣r✐❝❡s ✐♥ t❤❡ ❯❑ r❡❧❛t✐✈❡ t♦ ♦t❤❡r ❝♦✉♥tr✐❡s✳ ❚❤❡ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐s ❞❡t❡r♠✐♥❡❞

❜② ✉♥❝♦✈❡r❡❞ ✐♥t❡r❡st ♣❛r✐t②✳

❼ ▼♦♥❡t❛r② ♣♦❧✐❝② ❞❡t❡r♠✐♥❡s t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❡st r❛t❡ ✇❤✐❝❤ ✐s s❡t t♦ ❢♦❧❧♦✇ ❛ ❜❛❝❦✇❛r❞✲

❧♦♦❦✐♥❣ ❢❡❡❞❜❛❝❦ r✉❧❡ t❤❛t t❛r❣❡ts ❝♦♥s✉♠❡r ♣r✐❝❡ ✐♥✢❛t✐♦♥✳

❼ ❇❛❧❛♥❝❡ s❤❡❡t ❡q✉✐❧✐❜r✐✉♠ ✐s ❡♥s✉r❡❞ ❜② ❢❡❡❞❜❛❝❦ ✇✐t❤✐♥ ❞✐✛❡r❡♥t s❡❝t♦rs✳ ■♥ ♣❛rt✐❝✲

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

❧❡❛❞s t♦ ❧♦✇❡r ❞✐✈✐❞❡♥❞ ❞✐str✐❜✉t✐♦♥s ❛♥❞ s♦ ❧♦✇❡r ❤♦✉s❡❤♦❧❞ r❡❝❡✐♣ts✱ ❧♦✇❡r ❤♦✉s❡❤♦❧❞

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

❙✐♠✉❧❛t✐♦♥ r❡s✉❧ts

❲❡ ✉s❡ t❤❡ ♠♦❞❡❧ t♦ s✐♠✉❧❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ❛ ✶✷✳✺✪ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣♦♣✉❧❛t✐♦♥ ♦❢ ✇♦r❦✐♥❣

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

✜♥❛♥❝✐❛❧ ❝r✐s✐s t❤❛t ❜❡❣❛♥ ✐♥ ✷✵✵✼ ❛♥❞ ✷✵✶✾✳ ■♥ t❤❡ ♠❛✐♥ ❝❛s❡ ✇❡ ❛❧❧♦✇ ❢♦r ❛♥ ✐♥❝r❡❛s❡

t❤❛t ♦❝❝✉rs s♠♦♦t❤❧② ♦✈❡r ❛ t✇❡❧✈❡✲②❡❛r ♣❡r✐♦❞ ✭❧❛❜❡❧❧❡❞ ✏st❛❣❣❡r❡❞ ❧❛❜♦✉r s✉♣♣❧②✑✮✳ ❲❡

❝♦♥tr❛st t❤✐s ✇✐t❤ ❛ ✈❛r✐❛♥t ✇❤❡r❡ t❤❡ ✐♥❝r❡❛s❡ ♦❝❝✉rs s♠♦♦t❤❧② ♦✈❡r t❤r❡❡ ②❡❛rs ✭✏❢r♦♥t✲

❧♦❛❞❡❞ ❧❛❜♦✉r s✉♣♣❧②✑✮✳

❊♠♣❧♦②♠❡♥t ✐♥❝r❡❛s❡s q✉✐❝❦❧② ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ r✐s❡ ✐♥ ❧❛❜♦✉r s✉♣♣❧② ✭❋✐❣✉r❡ ✶✵✮✳

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

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

✷✶



❢✉♥❝t✐♦♥✳ ❚❤❡ ❞❡♠❛♥❞ ✐♥❝r❡❛s❡ ✐s ❞r✐✈❡♥ ❜② t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧❧② tr❛❞❡❞ s❡❝t♦rs✱ ♠❛♥✉❢❛❝✲

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

r❡s♣♦♥s❡ t♦ ✐♥❝r❡❛s❡❞ ❝♦♠♣❡t✐t✐✈❡♥❡ss✳ ■t s♣✐❧❧s ♦✈❡r t♦ ♦t❤❡r s❡❝t♦rs ✈✐❛ ❣r❡❛t❡r ❞❡♠❛♥❞ ❢♦r

✐♥t❡r♠❡❞✐❛t❡ ♦✉t♣✉ts ❛♥❞ ❛s ❞♦♠❡st✐❝ ♦✉t♣✉t ❡①♣❛♥❞s✳ ❇✉t ❞♦♠❡st✐❝ ❞❡♠❛♥❞ r✐s❡s q✉✐t❡

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

r❡❛❧ ❤♦✉s❡❤♦❧❞ ✐♥❝♦♠❡ r❡✢❡❝t✐♥❣ ❧♦✇❡r r❡❛❧ ✇❛❣❡s ✇❡✐❣❤✐♥❣ ♦♥ ❝♦♥s✉♠❡rs✬ ❡①♣❡♥❞✐t✉r❡✳

❉♦♠❡st✐❝✲❢❛❝✐♥❣✱ ♥♦♥✲tr❛❞❡❞ s❡❝t♦rs s✉❝❤ ❛s ❝♦♥str✉❝t✐♦♥ ❛♥❞ ♣r✐✈❛t❡ ♥♦♥✲tr❛❞❡❞ s❡r✲

✈✐❝❡s t❤❡r❡❜② r❡s♣♦♥❞ ♠♦r❡ ✇❡❛❦❧② t❤❛♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧❧② tr❛❞❡❞ s❡❝t♦rs✳ ❚❤❡ ♠❛r❣✐♥❛❧

♣r♦❞✉❝t ♦❢ ❝❛♣✐t❛❧ ✐♥❝r❡❛s❡s ❛s ♦✉t♣✉t r✐s❡s ❛❤❡❛❞ ♦❢ t❤❡ ❝❛♣✐t❛❧ st♦❝❦ ❛♥❞ t❤✐s ❧❡❛❞s t♦

❤✐❣❤❡r ✜①❡❞ ✐♥✈❡st♠❡♥t ✭❋✐❣✉r❡ ✶✶✮✳ ❇✉t ✜①❡❞ ✐♥✈❡st♠❡♥t ✐♥❝r❡❛s❡s ♦♥❧② ♠♦❞❡r❛t❡❧② ❧❡❛❞✲

✐♥❣ t♦ ❛ s❧♦✇ ❡①♣❛♥s✐♦♥ ✐♥ t❤❡ ❝❛♣✐t❛❧ st♦❝❦✳ ❚❤❡ ♥❡t ❡✛❡❝t ✐s t❤❛t t❤❡ ❝❛♣✐t❛❧✲❧❛❜♦✉r r❛t✐♦

❞❡❝❧✐♥❡s ❛♥❞ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ✐s ❧♦✇❡r❡❞ ❜② ❛r♦✉♥❞ 41

2
✪ ❛t ✐ts ♣❡❛❦ ❡✛❡❝t ✭❋✐❣✉r❡ ✶✶✮✳

❊✈❡♥ ❛❢t❡r ✸✵ ②❡❛rs✱ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② r❡♠❛✐♥s ❛r♦✉♥❞ ✷✪ ❧♦✇❡r t❤❛♥ ♦t❤❡r✇✐s❡✱ ❛❜s❡♥t

t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❧❛❜♦✉r s✉♣♣❧②✳

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

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

✐s ❜r♦❛❞❧② t❤❡ s❛♠❡✳

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

✐♠♣❛❝t ♦♥ ❞✐✛❡r❡♥t s❡❝t♦rs r❡✢❡❝t✐♥❣ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧s ♦❢ ❛❞❥✉st♠❡♥t✳ ❙✐♥❝❡ ❛❞❞✐t✐♦♥❛❧

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

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

s❡❝t♦rs ✭♠❛♥✉❢❛❝t✉r✐♥❣✱ ✜♥❛♥❝❡ ❛♥❞ ♣r✐✈❛t❡ tr❛❞❡❞ s❡r✈✐❝❡s✮ ✇✐t❤ ❧❡ss ✐♠♣❛❝t ♦♥ ❝♦♥str✉❝✲

t✐♦♥ ❛♥❞ ♥♦♥✲tr❛❞❡❞ s❡r✈✐❝❡s ✭❋✐❣✉r❡ ✶✷✱ ❛ss✉♠✐♥❣ t❤❡ ❧❛❜♦✉r s✉♣♣❧② s❤♦❝❦ ✐s st❛❣❣❡r❡❞

♦✈❡r t✐♠❡✮✳

❚❤❡ ✐♠♣❛❝t ♦♥ s❡❝t♦r❛❧ ♣r♦❞✉❝t✐✈✐t② ✐s ♠♦r❡ s✐♠✐❧❛r ❛❝r♦ss s❡❝t♦rs t❤❛♥ t❤❡ ✐♠♣❛❝t

♦♥ s❡❝t♦r❛❧ ♦✉t♣✉t ✭❋✐❣✉r❡ ✶✷✮✳ ■♥ t❤❡ ✶✷✲②❡❛r ♣❡r✐♦❞ ✇❤❡♥ ❧❛❜♦✉r s✉♣♣❧② ✐s ✐♥❝r❡❛s✐♥❣✱

❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② ❢❛❧❧s ✐♥ ❡❛❝❤ s❡❝t♦r ❜② ❛ s✐♠✐❧❛r ❛♠♦✉♥t ♦❢ ❛r♦✉♥❞ ✹✪ r❡❧❛t✐✈❡ t♦ ❜❛s❡✳

❙✉❜s❡q✉❡♥t❧②✱ ♣r♦❞✉❝t✐✈✐t② ❜❡❣✐♥s t♦ r❡❝♦✈❡r ❛s ❝❛♣✐t❛❧ ✐♥t❡♥s✐t② r❡t✉r♥s t♦ ✐ts ❜❛s❡❧✐♥❡✳ ❇✉t

t❤✐s ♦❝❝✉rs ❛t ❛ ❞✐✛❡r❡♥t ♣❛❝❡ ✐♥ ❡❛❝❤ s❡❝t♦r r❡✢❡❝t✐♥❣ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝t

✷✷



0.02.55.07.510.012.5 0 50 100 150QuarterDev. from base, % Employment -7.5-5.0-2.50.0 0 50 100 150QuarterDev. from base, % Average Earnings
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❋✐❣✉r❡ ✶✷✿ ❙✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❬✸❪

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

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

s✐③❡ t♦ t❤❡ ❧❛❜♦✉r s✉♣♣❧② ✐♥❝r❡❛s❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❯❑ ❜❡t✇❡❡♥ ✷✵✵✼ ❛♥❞ ✷✵✶✾ ❝♦✉❧❞ r❡❞✉❝❡

t❤❡ ❧❡✈❡❧ ♦❢ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t② t❡♠♣♦r❛r✐❧② ❜② ❛r♦✉♥❞ ✹✪✳ ❚❤✐s ❡✛❡❝t ✐s ❝❧♦s❡ t♦ t❤❡ s✐③❡

♦❢ t❤❡ r❡❞✉❝❡❞ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ t♦ t❤❡ ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ ♦✈❡r t❤❛t

♣❡r✐♦❞✳

❍♦✇ ♣❧❛✉s✐❜❧❡ ✐s t❤✐s s✐♠✉❧❛t✐♦♥ ❡✈✐❞❡♥❝❡❄ ■♥❡✈✐t❛❜❧②✱ t❤❡ ♠♦❞❡❧❧❡❞ ❡✛❡❝t ✐s s❡♥s✐t✐✈❡

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

✐♠♣♦rt❛♥❝❡ ❛r❡ t❤❡ ✐♥✈❡st♠❡♥t r❡❧❛t✐♦♥s❤✐♣s t❤❛t ❧✐❡ ❜❡❤✐♥❞ t❤❡ s♠❛❧❧ ❛❞❥✉st♠❡♥t ♦❢ ✜①❡❞

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

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

❧✐tt❧❡ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ♦❢ s✉❝❤ ❛♥ ❡✛❡❝t✳ ■♥ ❢❛❝t✱ ❛s ❞♦❝✉♠❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✱ r❡❝❡♥t tr❡♥❞s

❛t t❤❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧ ❛♥❞ ✐♥ ✐♥❞✐✈✐❞✉❛❧ s❡❝t♦rs s✉♣♣♦rt ❛ r❡❞✉❝t✐♦♥ ✐♥ ❝❛♣✐t❛❧ ✐♥t❡♥s✐t②

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

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

❜② t❤❡ ♠♦❞❡❧✳
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■t ✐s ❛❧s♦ ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ♦t❤❡r ❛❞❥✉st♠❡♥t ♣r♦❝❡ss❡s t♦ ✐♥❝r❡❛s❡❞ ❧❛❜♦✉r s✉♣♣❧② ♠❛②

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

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

❡①tr❛ ✐♥t❡r♥❛t✐♦♥❛❧ ❞❡♠❛♥❞ ❢♦r ❯❑ ❣♦♦❞s ❛♥❞ s❡r✈✐❝❡s✳ ❇✉t ❡✉r♦ ❛r❡❛ ✇❡❛❦♥❡ss ❛♥❞ ❧❛tt❡r❧②

t❤❡ ❇r❡①✐t ✈♦t❡ ♠❛② ❤❛✈❡ ♠❛❞❡ s✉❝❤ ❛❞❥✉st♠❡♥t ♠♦r❡ ❞✐✣❝✉❧t t❤❛♥ ✐♠♣❧✐❡❞ ❜② t❤❡ ♠♦❞❡❧✳

✹✳✸ ❈r♦ss✲❝♦✉♥tr② ❡✈✐❞❡♥❝❡

❲❡ ❝♦♠♣❧❡♠❡♥t ♦✉r ❡❛r❧✐❡r ❛♥❛❧②s✐s ✇✐t❤ s♦♠❡ ❝r♦ss✲❝♦✉♥tr② ❡✈✐❞❡♥❝❡ ♦♥ ♣r♦❞✉❝t✐✈✐t②

❣r♦✇t❤✳ ❲❡ ✉s❡ ❚❤❡ ❈♦♥❢❡r❡♥❝❡ ❇♦❛r❞✬s ❚♦t❛❧ ❊❝♦♥♦♠② ❉❛t❛❜❛s❡ t♦ ❡①♣❧♦r❡ ❝r♦ss✲❝♦✉♥tr②

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

t❤❡ ❞❛t❛❜❛s❡✱ ✇❡ s❡❧❡❝t ✐ts ✷✺ ❝♦✉♥tr✐❡s ✐♥ ❲❡st❡r♥ ❊✉r♦♣❡✱ ◆♦rt❤ ❆♠❡r✐❝❛✱ ❖❝❡❛♥✐❛ ❛♥❞

❏❛♣❛♥ ❢♦r t❤❡ ♣❡r✐♦❞ ❢r♦♠ ✶✾✻✵✳

❆✈❡r❛❣❡ ❛♥♥✉❛❧ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❝♦rr❡❧❛t❡s ✐♥✈❡rs❡❧② ✇✐t❤ ✭❛✈❡r❛❣❡ ❛♥♥✉❛❧✮ ♣♦♣✉❧❛✲

t✐♦♥ ❣r♦✇t❤ ✐♥ t❤❡ ✻✵✲②❡❛r ♣❡r✐♦❞ ✭❋✐❣✉r❡ ✶✸✮✳ ❍✐❣❤ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❡❝♦♥♦♠✐❡s ♦✈❡r

t❤✐s ❡①t❡♥❞❡❞ ♣❡r✐♦❞ ❤❛✈❡ t❡♥❞❡❞ t♦ ❤❛✈❡ ❧♦✇❡r ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤✳ ❚❤✐s ✐s s✐♠✐❧❛r t♦ t❤❡

❝r♦ss✲❝♦✉♥tr② r❡❧❛t✐♦♥s❤✐♣ ❤✐❣❤❧✐❣❤t❡❞ ❜② ❇❡❛✉❞r② ❛♥❞ ❈♦❧❧❛r❞ ✭✷✵✵✷✮ ✉♣ t♦ ✶✾✾✼✳ ❉✐✈✐❞✲

✐♥❣ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ ❜② ❞❡❝❛❞❡ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❝r♦ss✲❝♦✉♥tr② r❡❧❛t✐♦♥ ✐s str♦♥❣❡st ✐♥✱

❛♥❞ ❧❛r❣❡❧② ❞r✐✈❡♥ ❜②✱ t❤❡ ✶✾✻✵s ❡①♣❡r✐❡♥❝❡✳ ❆ ❣❡♥❡r❛❧✐s❡❞ ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ ❛❝r♦ss

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

❲❡ ❡①♣❧♦✐t t❤❡ ❝r♦ss✲❝♦✉♥tr② ✈❛r✐❛t✐♦♥ ✐♥ ❡❛❝❤ ②❡❛r ❜② r❡❣r❡ss✐♥❣ ❝♦✉♥tr②✲❧❡✈❡❧ ❛✈❡r❛❣❡

♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ✭✐♥ ❛ ✷✵✲②❡❛r ✇✐♥❞♦✇ ✉♣ t♦ t❤❛t ②❡❛r✮ ♦♥ ✐ts ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ ❛♥❞

✐♥✐t✐❛❧ ❧❡✈❡❧ ♦❢ ♣r♦❞✉❝t✐✈✐t②✱ ❛❧❧♦✇✐♥❣ ❛❧s♦ ❢♦r ❝♦♥✈❡r❣❡♥❝❡✳✶✾

❆s ✐♥ ❇❡❛✉❞r② ❛♥❞ ❈♦❧❧❛r❞ ✭✷✵✵✷✮✱ ✇❡ s❤♦✇ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ r♦❧❧✐♥❣ ❝♦❡✣❝✐❡♥ts ♦♥

♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ ❛♥❞ ❢♦r ❝♦♥✈❡r❣❡♥❝❡✳ ❚❤✐s ❛❧❧♦✇s ✉s t♦ ❛ss❡ss ❤♦✇ t❤❡ ❝r♦ss✲❝♦✉♥tr② ❧✐♥❦

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

❝♦♥✈❡r❣❡♥❝❡ ❡✛❡❝ts✳

✶✾❆s ❛♥ ❡①❡r❝✐s❡ ✐♥ ❝r♦ss✲❝♦✉♥tr② ❞❛t❛ ❞❡s❝r✐♣t✐♦♥✱ t❤✐s ✐♥✈♦❧✈❡s ❡st✐♠❛t✐♥❣✿∆log(Yit/Lit) = α0,t + α1,tlog(Yi0/Li0) + α2,t∆Popit + ϵit

✇❤❡r❡ ❵✐✬ ✐♥❞❡①❡s ❝♦✉♥tr✐❡s ✐ ❂ ✶✱✷✳✳✸✺ ❛♥❞ ❵t✬ ✐♥❞❡①❡s ②❡❛rs✱ t ❂ ✶✾✽✵✱✶✾✽✶✳ ✳ ✳ ✷✵✶✾✳
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✭❛✮ P♦♣✉❧❛t✐♦♥ ❣r♦✇t❤

-3-2-1 1980 1990 2000 2010 2020Final year (20-year sample)Convergence estimate (%pa) Point Estimate
Point estimates and 90% confidence interval

✭❜✮ ❊st✐♠❛t❡❞ ❈♦♥✈❡r❣❡♥❝❡

❋✐❣✉r❡ ✶✹✿ ❊st✐♠❛t❡❞ ❊✛❡❝ts ❢r♦♠ P♦♣✉❧❛t✐♦♥ ●r♦✇t❤ ❛♥❞ ❙♣❡❡❞ ♦❢ ❈♦♥✈❡r❣❡♥❝❡
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❖✉r ❡st✐♠❛t❡s ❝♦♥✜r♠ t❤❛t ❛♥ ✐♥✈❡rs❡ ❝r♦ss✲❝♦✉♥tr② r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣r♦❞✉❝t✐✈✐t②

❣r♦✇t❤ ❡①✐st❡❞ ✉♣ t♦ t❤❡ ✶✾✽✵s ❛♥❞ ♠✐❞✲✶✾✾✵s✳ ■♥ t❤❛t ❡r❛✱ ❤✐❣❤❡r ❣r♦✇t❤ ❡❝♦♥♦♠✐❡s

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

❤❛s s✐♥❝❡ ❝❤❛♥❣❡❞ s✐❣♥✳ ▼♦r❡ r❡❝❡♥t❧②✱ ✐♥ ♦✉r s❛♠♣❧❡ ♦❢ ✷✺ ❝♦✉♥tr✐❡s ❤✐❣❤❡r ♣r♦❞✉❝t✐✈✲

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

♣r♦❞✉❝t✐✈✐t② ❝♦♥✈❡r❣❡♥❝❡✳

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

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

t❤❡ ❡❛r❧②✲✷✵✵✵s ❛♥❞ ✐♥ t❤❡ ♣♦st✲❝r✐s✐s ♣❡r✐♦❞✳ ❈♦♠♣❛r❡❞ ✇✐t❤ ❛♥ ❡st✐♠❛t❡❞ ✷✳✺✪♣❛ ❛♥♥✉❛❧

s♣❡❡❞ ♦❢ ❝♦♥✈❡r❣❡♥❝❡ ✉♣ t♦ t❤❡ ✶✾✽✵s✱ t❤✐s ❤❛s s❧♦✇❡❞ t♦ ❛ ❧✐tt❧❡ ♦✈❡r ✶✪♣❛ ❜② ✷✵✶✾✳

❇❡❛✉❞r② ❛♥❞ ❈♦❧❧❛r❞ ✭✷✵✵✷✮ ❛r❣✉❡ t❤❛t ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ✐♥ t❤❡ ✶✾✼✵s ✇❛s s❧♦✇❡r ✐♥

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

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

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

❡✈✐❞❡♥❝❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤✱ ❛♥❞ ❡①t❡♥❞s✱ t❤❛t ✈✐❡✇✳

❚❤✐s r❛✐s❡s t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t ❯❑ ❡①♣❡r✐❡♥❝❡✱ ✐♥ ✐ts ❡r❛ ♦❢ r✐s✐♥❣ ❧❛❜♦✉r s✉♣♣❧② ❛♥❞

♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥✱ ✇❛s ♥♦t t②♣✐❝❛❧ ♦❢ t❤✐s ❝r♦ss✲❝♦✉♥tr② ♣❛tt❡r♥✳✷✵

✺ ❈♦♥❝❧✉s✐♦♥s

❘❡❞✉❝❡❞ ❝❛♣✐t❛❧ ❞❡❡♣❡♥✐♥❣ ❛❝❝♦✉♥ts ❢♦r ❜❡t✇❡❡♥ ♦♥❡✲q✉❛rt❡r ❛♥❞ ♦♥❡✲t❤✐r❞ ♦❢ t❤❡ ❯❑✬s

❧❛r❣❡ ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧ s✐♥❝❡ ✷✵✵✽✳ ❚❤❛t ♠❡❛♥s t❤❛t ❛r♦✉♥❞ ✹ ❧♦❣ ♣♦✐♥ts ♦❢ t❤❡ ✷✺

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

s❤❛❧❧♦✇✐♥❣✳ ❚❤❡ ❡✈✐❞❡♥❝❡ ✇❡ ❤❛✈❡ ♣r❡s❡♥t❡❞ s✉❣❣❡sts t❤❛t t❤✐s t❡♠♣♦r❛r② s❤✐❢t ❝♦✉❧❞ ❤❛✈❡

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

s✉♣♣❧②✳

❖✉r ♣❡rs♣❡❝t✐✈❡ ❤❛s ❜❡❡♥ ❜♦t❤ s❡❝t♦r❛❧ ❛♥❞ ❛❣❣r❡❣❛t❡ ✭✐♥❝❧✉❞✐♥❣ ❝r♦ss✲❝♦✉♥tr②✮✳ ❚❤❡

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

✷✵❚❤❡ ❝r♦ss✲❝♦✉♥tr② ❡✈✐❞❡♥❝❡ ✭❜❛s❡❞ ♦♥ r♦❧❧✐♥❣ ✷✵✲②❡❛r s❛♠♣❧❡s ❢♦r ❡❛❝❤ ❝♦✉♥tr②✮ ✐s ❛❧s♦ ❧✐❦❡❧② t♦ ❝❛♣t✉r❡
❧♦♥❣✲r✉♥ ❡✛❡❝ts ✇❤✐❝❤ ✇❡ ❡①♣❡❝t t♦ ❜❡ ♠♦r❡ ♥❡✉tr❛❧ ❢♦r ♣r♦❞✉❝t✐✈✐t② ❛s ❝❛♣✐t❛❧ ✐♥t❡♥s✐t② ❛❞❥✉sts✳
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♦♥ ❧♦❝❛❧ ❧❛❜♦✉r ♠❛r❦❡ts ♣♦✐♥ts t♦ s♠❛❧❧ ❧♦♥❣✲r✉♥ ❡✛❡❝ts✱ t❤✐s ♠❛② ✉♥❞❡rst❛t❡ ♠❛❝r♦ ❡✛❡❝ts

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

❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t ✻ ❧♦❣ ♣♦✐♥ts ♦❢ t❤❡ ♣r♦❞✉❝t✐✈✐t② s❤♦rt❢❛❧❧ ❝♦✉❧❞ ❜❡ ❛ttr✐❜✉t❡❞ t♦

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

♦❢ ✐♠♣❛✐r❡❞ ❝❛♣✐t❛❧ ♠❛r❦❡ts ❛♥❞ ✇❡❛❦ ✐♥t❡r♥❛t✐♦♥❛❧ ❞❡♠❛♥❞✳

❍♦✇ q✉✐❝❦❧② t❤❡ ❝❛♣✐t❛❧ st♦❝❦ ❛❞❥✉sts ❜❡❝♦♠❡s ❝r✐t✐❝❛❧ ❢♦r t❤✐s ♠❛❝r♦ ❝❤❛♥♥❡❧✳ ■t ✐s

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

✕ ❛♥❞ t❤❡ ❛❣❣r❡❣❛t❡ ✐♠♣❛❝t ♦♥ ♣r♦❞✉❝t✐✈✐t② ♦❢ str♦♥❣❡r ❧❛❜♦✉r s✉♣♣❧② ✐♥❝r❡❛s❡❞ ✕ t❤r♦✉❣❤

❝r❡❞✐t ♠❛r❦❡t ✐♠♣❡r❢❡❝t✐♦♥s ❛♥❞ ❤❡✐❣❤t❡♥❡❞ r✐s❦ ❛✈❡rs✐♦♥✳✷✶

❆t t❤❡ s❡❝t♦r ❧❡✈❡❧✱ ♦✉r ❛♥❛❧②s✐s s✉❣❣❡sts t❤❛t t❤❡ ✐♠♣❛❝t ♦♥ s❡❝t♦r✲❧❡✈❡❧ ♣r♦❞✉❝t✐✈✐t② ✐s

♠♦r❡ s✐♠✐❧❛r ❛❝r♦ss s❡❝t♦rs t❤❛♥ t❤❡ ✐♠♣❛❝t ♦♥ s❡❝t♦r ♦✉t♣✉t✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ s❡❝t♦r✲

❧❡✈❡❧ ❞❛t❛ s✉❣❣❡st✐♥❣ ❜r♦❛❞✲❜❛s❡❞ r❡❞✉❝t✐♦♥s ✐♥ ❝❛♣✐t❛❧✲❞❡❡♣❡♥✐♥❣ ❛♥❞ ❧❛❜♦✉r ♣r♦❞✉❝t✐✈✐t②

❛❝r♦ss s❡❝t♦rs✳

◆♦♥❡t❤❡❧❡ss✱ ♦t❤❡r s❤♦❝❦s ❤❛✈❡ ❝❧❡❛r❧② ❜❡❡♥ ❝❡♥tr❛❧ t♦ t❤❡ ♣r♦❞✉❝t✐✈✐t② s❧♦✇❞♦✇♥ ❛❝✲

❝♦✉♥t✐♥❣ q✉❛♥t✐t❛t✐✈❡❧② ❢♦r ♠♦st ♦❢ t❤❡ s❤♦rt❢❛❧❧✳ ❙♦♠❡ ✐❞✐♦s②♥❝r❛t✐❝ s❤♦❝❦s ❤❛✈❡ ❛♣♣❧✐❡❞

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

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

♣r✐❝❡s✳ ❲❡ ❧❡❛✈❡ ❢♦r ❢✉t✉r❡ r❡s❡❛r❝❤ t♦ ❛❞❞r❡ss ✇❤❡t❤❡r s♦♠❡ ♦❢ t❤❡s❡ ❢❛❝t♦rs ❛r❡ r❡✈❡rs❡❞

♦r ✐♥t❡♥s✐✜❡❞ ❜② ❈♦✈✐❞✲✶✾ ❛♥❞ t❤❡ ♣♦❧✐❝② r❡s♣♦♥s❡s t♦ ✐t✳
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P✉③③❧❡ ✷✵✵✽✲✶✸✿ ❊✈✐❞❡♥❝❡ ❋r♦♠ ❇r✐t✐s❤ ❇✉s✐♥❡ss❡s✬✱ ❇❛♥❦ ♦❢ ❊♥❣❧❛♥❞ ❲♦r❦✐♥❣

P❛♣❡r ◆♦✳✺✸✶✳

❚❡♥r❡②r♦✱ ❙✳✱ ✭✷✵✶✽✮✱ ❵❚❤❡ ❋❛❧❧ ✐♥ Pr♦❞✉❝t✐✈✐t② ●r♦✇t❤✿ ❈❛✉s❡s ❛♥❞ ■♠♣❧✐❝❛✲
t✐♦♥s✬✱ s♣❡❡❝❤ ❣✐✈❡♥ ❛t ◗✉❡❡♥ ▼❛r② ❯♥✐✈❡rs✐t② ♦❢ ▲♦♥❞♦♥✳
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