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ABSTRACT

IZA DP No. 14841 NOVEMBER 2021

Motherhood, Pregnancy or Marriage 
Effects?*

The existence of large child penalties has been documented for multiple countries and 

time periods. In this paper, we assess to what extent marriage decisions and pregnancies 

(rather than live births), which tend to occur around the birth of the first child, explain 

part of the so-called motherhood effect in labor market outcomes. Using data for 29 

countries drawn from SHARE, we show that although marriage has a negative effect on 

women’s employment (3.3%), its magnitude is much smaller compared with the negative 

effect of a first child (23%). Moreover, we find that pregnancies that end in non-live births 

have non-statistically significant effects in employment in the following years, supporting 

the exogeneity assumption underlying identification in child penalty studies. These new 

results lend support to the hypothesis that childcare, rather than marriage or pregnancy, is 

responsible for women exiting the labor force upon motherhood.
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s❛♠❡ t✐♠❡ t❤❡✐r ❢❡rt✐❧✐t②✳ ■❢ t❤❛t ✇❡r❡ t❤❡ ❝❛s❡✱ ✇❡ s❤♦✉❧❞ ✜♥❞ ❡✛❡❝ts ♦♥ ❧❛❜♦r ♦✉t❝♦♠❡s

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

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

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

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

❝❛s❡✱ ♣❛rt ♦❢ t❤❡ s♦ ❝❛❧❧❡❞ ❝❤✐❧❞ ♣❡♥❛❧t② ♠❛② ❜❡ ❛ttr✐❜✉t❡❞ t♦ ♣r❡❣♥❛♥❝② ❛♥❞ ❝♦rr❡❧❛t❡❞

❢❛❝t♦rs ❛♥❞ ♥♦t s♣❡❝✐✜❝❛❧❧② t♦ t❤❡ ❝❛r❡ r❡q✉✐r❡❞ ❜② ❝❤✐❧❞r❡♥ ♦♥❝❡ t❤❡② ❛r❡ ❜♦r♥✳

❆s ✐♥ ❇❡r♥✐❡❧❧ ❡t ❛❧✳ ✭✷✵✷✵✮✱ ✇❡ ✉s❡ ❤❛r♠♦♥✐③❡❞ ❞❛t❛ ❢♦r ✷✾ ❝♦✉♥tr✐❡s ❢r♦♠ t❤❡ ❙✉r✈❡② ♦❢

❍❡❛❧t❤✱ ❆❣❡✐♥❣ ❛♥❞ ❘❡t✐r❡♠❡♥t ✐♥ ❊✉r♦♣❡ ✭❙❍❆❘❊✮ ❛♥❞ ❢♦❧❧♦✇ ❛♥ ❡✈❡♥t st✉❞② ❛♣♣r♦❛❝❤

t♦ ✐❞❡♥t✐❢② s❡♣❛r❛t❡❧② t❤❡ ❡✛❡❝ts ♦❢ ♠❛rr✐❛❣❡✱ ♣r❡❣♥❛♥❝② ❛♥❞ ❝❤✐❧❞r❡♥ ✐♥ ❧❛❜♦r ♠❛r❦❡t

♣❛rt✐❝✐♣❛t✐♦♥ ♦❢ ✇♦♠❡♥✳ ■♥ t❤❡ ✜rst ♣❧❛❝❡✱ ✐♥ ♦r❞❡r t♦ ❞✐s❡♥t❛♥❣❧❡ ♠❛rr✐❛❣❡ ❢r♦♠ ❝❤✐❧❞❜✐rt❤

❡✛❡❝ts✱ ✇❡ s♣❧✐t t❤❡ s❛♠♣❧❡ ♦❢ ✇♦♠❡♥ ❜❡t✇❡❡♥ t❤♦s❡ t❤❛t ❜❡❝♦♠❡ ♠♦t❤❡rs ❢♦r t❤❡ ✜rst t✐♠❡

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

②❡❛rs ♦❢ ♠❛rr✐❛❣❡ ✭❧❛t❡ ♠♦t❤❡rs✮✳ ❯s✐♥❣ ❛♥ ❡✈❡♥t st✉❞② ❛♣♣r♦❛❝❤✱ ✇❡ t❤❡♥ ❡st✐♠❛t❡ ✇❤❛t ✇❡

❝❛❧❧ t❤❡ ♠❛rr✐❛❣❡ ❡✛❡❝t ❢♦r ❜♦t❤ ❣r♦✉♣s✳ ❖✈❡r t❤❡ ✜rst t✇♦ ②❡❛rs✱ t❤❡ ❧❛tt❡r ❣r♦✉♣ s✉✛❡rs ❛

✸✳✸✪ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ✇♦r❦✐♥❣✱ ✇❤✐❝❤ ✐s r❡❧❛t✐✈❡❧② s♠❛❧❧ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡

❛❧♠♦st ✷✸✪ ❞❡❝r❡❛s❡ ❢♦r ❡❛r❧② ♠♦t❤❡rs✳ ❇❡❝❛✉s❡ ❛❧❧ ✇♦♠❡♥ ✐♥ ♦✉r s❛♠♣❧❡ ❜❡❝♦♠❡ ♠♦t❤❡rs

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

❚❤✐s ❡①❡r❝✐s❡ r❡✈❡❛❧s ❛ s♠❛❧❧ ♥❡❣❛t✐✈❡ ♠❛rr✐❛❣❡ ❡✛❡❝t✱ ✇❤✐❝❤ ♠❛② ❜❡ ❛♥ ❛♥t✐❝✐♣❛t✐♦♥ ♦❢ t❤❡

♠♦t❤❡r❤♦♦❞ ❡✛❡❝t✱ ❜✉t ♠♦r❡ ✐♠♣♦rt❛♥t❧②✱ ✐t ♠❛❦❡s ❝❧❡❛r t❤❛t ✐t ✐s t❤❡ ❜✐rt❤ ♦❢ t❤❡ ✜rst

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

✸



❙❡❝♦♥❞❧②✱ t♦ ❛ss❡s t♦ ✇❤❛t ❡①t❡♥t ♣r❡❣♥❛♥❝② ❜② ✐ts❡❧❢ ♦r ♦t❤❡r ❢❛❝t♦rs t❤❛t ❝♦rr❡❧❛t❡

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

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

❛ ♥♦t✲❛❧✐✈❡ ❜✐rt❤✳ ❲❡ t❤❡♥ ❝♦♠♣❛r❡ ❡♠♣❧♦②♠❡♥t tr❛❥❡❝t♦r✐❡s ♦❢ t❤♦s❡ t❤❛t ❞♦ ♥♦t ❤❛✈❡ ❛

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

❜❡❝♦♠❡ ♠♦t❤❡rs s❤♦rt❧② ❛❢t❡r✳ ❖✉r r❡s✉❧ts s❤♦✇ ♥♦ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❡♠✲

♣❧♦②♠❡♥t ❢♦r t❤❡ ❢♦r♠❡r ❣r♦✉♣✱ ❝♦♠♣❛r❡❞ t♦ ❛ ❞r♦♣ ♦❢ ♦✈❡r ✸✵✪ ❢♦r t❤❡ ❧❛tt❡r✱ ✐♥❞✐❝❛t✐♥❣

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

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

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

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

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

✇✐t❤ t❤❡ ❡①❡r❝✐s❡ ❝❛rr✐❡❞ ♦✉t ❜② ▲✉♥❞❜♦r❣ ❡t ❛❧✳ ✭✷✵✶✼✮✱ ♦✉r ❡①❝❡r❝✐s❡ ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡

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

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

❛♥❞ ❧♦st t❤❡✐r ✜rst ♣r❡❣♥❛♥❝②✳

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

✐♥ ❙❡❝t✐♦♥ ✷✳ ■♥ ❙❡❝t✐♦♥s ✸ ❛♥❞ ✹ ✇❡ ❝♦♠♣❛r❡ t❤❡ ♠❛rr✐❛❣❡✱ ♣r❡❣♥❛♥❝② ❛♥❞ ♠♦t❤❡r❤♦♦❞

❡✛❡❝ts ♦♥ ❡♠♣❧♦②♠❡♥t✱ ❛♥❞ ✐♥ ❙❡❝t✐♦♥ ✺ ✇❡ ♣r❡s❡♥t ♦✉r ♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s✳

✷ ❊♠♣✐r✐❝❛❧ ❙tr❛t❡❣②

✷✳✶ ❊✈❡♥t ❙t✉❞② ❙♣❡❝✐✜❝❛t✐♦♥

❲❡ ❡st✐♠❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ ✭✶✮ ♠❛rr✐❛❣❡✱ ✭✷✮ ✜rst ♣r❡❣♥❛♥❝② ❡♥❞✐♥❣ ✇✐t❤ ❛ ♥♦t✲❛❧✐✈❡ ❝❤✐❧❞

❛♥❞ ✭✸✮ t❤❡ ❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞ ✭❝♦♠♠♦♥❧② ❦♥♦✇♥ ❛s ♠♦t❤❡r❤♦♦❞ ❡✛❡❝ts ♦r ❝❤✐❧❞ ♣❡♥❛❧✲

t✐❡s✮ ♦♥ ✇♦♠❡♥✬s ❡♠♣❧♦②♠❡♥t ✉s✐♥❣ ❛♥ ❡✈❡♥t st✉❞② ❛♣♣r♦❛❝❤ s✐♠✐❧❛r t♦ ❑❧❡✈❡♥ ❡t ❛❧✳ ✭✷✵✶✾❜✮

❛♥❞ ❇❡r♥✐❡❧❧ ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❚❤❡ ❞❡s❝r✐♣t✐♦♥ ✐♥ t❤✐s s❡❝t✐♦♥ ❢♦❧❧♦✇s ❝❧♦s❡❧② t❤❛t ✐♥ ❙❡❝t✐♦♥

✷✳✶ ✐♥ ❇❡r♥✐❡❧❧ ❡t ❛❧✳ ✭✷✵✷✵✮✳ ■♥ t❤✐s s❤♦rt ♣❛♣❡r✱ ❤♦✇❡✈❡r✱ t❤❡ s❛♠❡ ♠♦❞❡❧ ✐s ✉s❡❞ t♦ ❡st✐✲

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

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

❈♦♥s✐❞❡r ❛ ♣❛♥❡❧ ♦❢ i = 1, ...N ✐♥❞✐✈✐❞✉❛❧s ♦❜s❡r✈❡❞ ❢♦r ❛❧❧ ♦r s♦♠❡ t = 1, ...T ❝❛❧❡♥❞❛r

✹



♣❡r✐♦❞s ✭②❡❛rs✮✳ ■♥❞✐✈✐❞✉❛❧ i ♠❛rr✐❡s ♦r ❜❡❝♦♠❡s ♣r❡❣♥❛♥t ❢♦r t❤❡ ✜rst t✐♠❡ ♦r ❛ ♣❛r❡♥t

❢♦r t❤❡ ✜rst t✐♠❡ ✐♥ ❝❛❧❡♥❞❛r ♣❡r✐♦❞ Ei✱ ❛♥❞ ♣♦s✐t✐✈❡ ✭♥❡❣❛t✐✈❡✮ eit = t − Ei r❡♣r❡s❡♥t

t❤❡ ♥✉♠❜❡r ♦❢ ②❡❛rs s✐♥❝❡ ✭❜❡❢♦r❡✮ t❤❡ ❡✈❡♥t✳ ▲❡t τ ❜❡ t❤❡ r❡❧❛t✐✈❡ t✐♠❡ ✐♥❞❡①✱ s✉❝❤ t❤❛t

τ = 0 ❞❡♥♦t❡s t❤❡ ②❡❛r ♦❢ t❤❡ ❡✈❡♥t ❢♦r ❛❧❧ ✐♥❞✐✈✐❞✉❛❧s✳ ❚❤❡ r❡❧❛t✐✈❡ t✐♠❡ ✐♥❞❡① ❛❧❧♦✇ ✉s

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

❡✈❡♥t ♦❝❝✉rr❡❞ ✐♥ ❞✐✛❡r❡♥t ❝❛❧❡♥❞❛r ②❡❛rs✳ ❲❡ ♠♦❞❡❧ ♦✉t❝♦♠❡ Y ❢♦r ✐♥❞✐✈✐❞✉❛❧ i ✐♥ ❝♦✉♥tr②

c ❛♥❞ ❝❛❧❡♥❞❛r t✐♠❡ t ❛s✿

Yitc =
∑

τ 6=−1

βτI(τ = eitc) +
∑

j

γjI(j = ageitc) +
∑

y

δyI(y = t) +
∑

s

λsI(s = c) + εitc. ✭✶✮

❚❤❡ ✜rst t❡r♠ ✐♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ✐♥❝❧✉❞❡s ❡✈❡♥t t✐♠❡ ❞✉♠♠✐❡s✳ ❚❤❡ ❡✈❡♥t t✐♠❡ ❝♦❡✣✲

❝✐❡♥ts βτ ❢♦r τ ≥ 0 ❝❛♣t✉r❡ ❡✐t❤❡r t❤❡ ♣♦st✲♠❛rr✐❛❣❡✱ t❤❡ ♣♦st ♣r❡❣♥❛♥❝② ♦r t❤❡ ♣♦st✲❝❤✐❧❞

❡✛❡❝ts✳✷ ❲❡ s❡t τ = −1 ❛s t❤❡ ♦♠✐tt❡❞ ❝❛t❡❣♦r②✱ t❤✉s ❛❧❧ βτ ❛r❡ ♠❡❛s✉r❡❞ r❡❧❛t✐✈❡ t♦ t❤❡

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

❡♥❞❛r ②❡❛r ❞✉♠♠✐❡s✱ ❛♥❞ ❝♦✉♥tr② ❞✉♠♠✐❡s✳ ■♥ ❙❡❝t✐♦♥ ✸✱ ✇❡ r❡♣♦rt t❤❡ ♣❡r❝❡♥t❛❣❡ ❡✛❡❝ts

r❡❧❛t✐✈❡ t♦ t❤❡ ❝♦✉♥t❡r❢❛❝t✉❛❧ ♦✉t❝♦♠❡ ✇✐t❤♦✉t ♠❛rr✐❛❣❡✴❝❤✐❧❞r❡♥ ✐✳❡✳ Pτ = β̂τ

E[Ỹitc|τ ]
✱ ✇❤❡r❡

Ỹitc ✐s t❤❡ ♣r❡❞✐❝t❡❞ ♦✉t❝♦♠❡ ❛t ❡✈❡♥t t✐♠❡ τ ❢r♦♠ ♠♦❞❡❧ ✭✶✮ ✇❤❡♥ s✉❜tr❛❝t✐♥❣ t❤❡ ❡✈❡♥t

t✐♠❡ t❡r♠s✳

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

t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✐s ✇♦r❦✐♥❣ ❛t t✐♠❡ t ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡✳

✷✳✷ ❉❛t❛ ❛♥❞ s❛♠♣❧❡

❚❤❡ ❞❛t❛ ✐s ❜✉✐❧t ❢r♦♠ ✇❛✈❡s ✸ ❛♥❞ ✼ ♦❢ t❤❡ ❙✉r✈❡② ♦❢ ❍❡❛❧t❤✱ ❆❣❡✐♥❣ ❛♥❞ ❘❡t✐r❡♠❡♥t ✐♥

❊✉r♦♣❡ ✭❙❍❆❘❊✮✳✸ ❙❍❆❘❊ s✉r✈❡②s ✐♥❞✐✈✐❞✉❛❧s ❛❣❡❞ ✺✵ ❛♥❞ ♦✈❡r ✐♥ ✷✽ ❊✉r♦♣❡❛♥ ❝♦✉♥✲

tr✐❡s ❛♥❞ ■sr❛❡❧✳✹ ■♥ ✇❛✈❡s ✸ ❛♥❞ ✼ ♦❢ ❙❍❆❘❊ r❡s♣♦♥❞❡♥ts ❛❧s♦ ❛♥s✇❡r ❛ r❡tr♦s♣❡❝t✐✈❡

q✉❡st✐♦♥♥❛✐r❡ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ✇♦r❦✐♥❣ ❧✐❢❡ ❛♥❞ ❢❡rt✐❧✐t② ❤✐st♦r②✳

✷▲♦♥❣✲t❡r♠ ❡✛❡❝ts ✇✐❧❧ ❛❧s♦ ❝❛♣t✉r❡ t❤❡ ✐♠♣❛❝t ♦❢ ❝❤✐❧❞r❡♥ ❜♦r♥ ❛❢t❡r t❤❡ ✜rst ❝❤✐❧❞✳
✸❙♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✉s❡ t❤❡ ❏♦❜ ❊♣✐s♦❞❡s P❛♥❡❧ r❡❧❡❛s❡ ✼✳✶✳✵ ✭❉❖■✿ ✶✵✳✻✶✵✸✴❙❍❆❘❊✳❥❡♣✳✼✶✵✮✳ ❋♦r ❢✉rt❤❡r

❞❡t❛✐❧s r❡❣❛r❞✐♥❣ ❞❛t❛ ♣❧❡❛s❡ r❡❢❡r t♦ ❇❡r♥✐❡❧❧ ❡t ❛❧✳ ✭✷✵✷✵✮ ✳
✹❚❤❡ ✷✽ ❝♦✉♥tr✐❡s t❤❛t ❛r❡ ♣❛rt ♦❢ t❤❡ s❛♠♣❧❡ ✐♥ ✇❛✈❡ ✼ ❛r❡✿ ❆✉str✐❛✱ ❇❡❧❣✐✉♠✱ ❙✇✐t③❡r❧❛♥❞✱ ●❡r♠❛♥②✱

❉❡♥♠❛r❦✱ ❙♣❛✐♥✱ ❋r❛♥❝❡✱ ●r❡❡❝❡✱ ■t❛❧②✱ ◆❡t❤❡r❧❛♥❞s✱ ❙✇❡❞❡♥✱ ❈③❡❝❤ ❘❡♣✉❜❧✐❝✱ P♦❧❛♥❞✱ ❍✉♥❣❛r②✱ ❇✉❧❣❛r✐❛✱
❈r♦❛t✐❛✱ ❈②♣r✉s✱ ❊st♦♥✐❛✱ ❋✐♥❧❛♥❞✱ ■sr❛❡❧✱ ▲❛t✈✐❛✱ ▲✐t❤✉❛♥✐❛✱ ▲✉①❡♠❜♦✉r❣✱ ▼❛❧t❛✱ P♦rt✉❣❛❧✱ ❘♦♠❛♥✐❛✱
❙❧♦✈❛❦✐❛ ❛♥❞ ❙❧♦✈❡♥✐❛✳ ❚❤❡ ✜rst ✶✸ ❝♦✉♥tr✐❡s ♦❢ t❤❡ ❧✐st ♣❧✉s ■r❡❧❛♥❞ ✇❡r❡ t❤❡ ♦♥❡s ✐♥❝❧✉❞❡❞ ✐♥ ✇❛✈❡ ✸✳

✺



❋♦r ❡❛❝❤ r❡s♣♦♥❞❡♥t✱ t❤❡ ❞❛t❛s❡t ✐♥❝❧✉❞❡s t❤❡✐r ✇❤♦❧❡ ❤✐st♦r② ❛♥❞ ❤❡♥❝❡ ❢♦r ❡❛❝❤ r❡✲

s♣♦♥❞❡♥t t❤❡r❡ ❛r❡ ❛s ♠❛♥② ♦❜s❡r✈❛t✐♦♥s ❛s ②❡❛rs s✐♥❝❡ ❤✐s✴❤❡r ❜✐rt❤ ✉♣ t♦ t❤❡ t✐♠❡ ♦❢

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

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

♦t❤❡r✇✐s❡✳ ❚❤❡ ❢❡rt✐❧✐t② ❤✐st♦r② ✐♥❝❧✉❞❡s t❤❡ ❞❛t❡s ♦❢ ❜✐rt❤ ♦❢ ❛❧❧ ❧✐✈❡ ❝❤✐❧❞r❡♥ ❛♥❞✱ ❢♦r ✇❛✈❡

✸✱ ❛❧s♦ t❤❡ ②❡❛r ✐♥ ✇❤✐❝❤ t❤❡ ♣r❡❣♥❛♥❝② t❤❛t ❡♥❞❡❞ ✇✐t❤ ❛ ♥♦t✲❛❧✐✈❡ ❝❤✐❧❞ ♦❝❝✉r❡❞✳✺ ❇♦t❤

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

❤✐s✴❤❡r ♣❛rt♥❡r✳

❖✉r s❛♠♣❧❡ ✐s ♠❛❞❡ ♦❢ ❝♦❤♦rts ❜♦r♥ ♠♦st❧② ❜❡t✇❡❡♥ t❤❡ ✶✾✷✵s ❛♥❞ t❤❡ ✶✾✻✵s✱ ✇✐t❤ ❛♥

❡♠♣❤❛s✐s ♦♥ ❡❛r❧② ❜❛❜②✲❜♦♦♠❡rs✳ ▼♦st ✐♥❞✐✈✐❞✉❛❧s ✐♥ ♦✉r s❛♠♣❧❡ ♠❛rr✐❡❞ ❛♥❞ ❣❛✈❡ ❜✐rt❤

t♦ t❤❡✐r ✜rst ❝❤✐❧❞r❡♥ ❜❡t✇❡❡♥ t❤❡ ✶✾✺✵s ❛♥❞ t❤❡ ✶✾✽✵s✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ♣♦♦❧ ❛❧❧ ❝♦✉♥tr✐❡s

t♦❣❡t❤❡r✱ ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❛ ✇♦r❦✐♥❣ s❛♠♣❧❡ ♦❢ ✹✺✱✸✷✻ ♠♦t❤❡rs✳

✸ ▼♦t❤❡r❤♦♦❞ ♦r ▼❛rr✐❛❣❡ ❊✛❡❝ts❄

❚♦ ❛ss❡ss ✇❤❡t❤❡r t❤❡ ❧❛r❣❡ ❧❛❜♦r ♠❛r❦❡t ❡✛❡❝ts ♦❜s❡r✈❡❞ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ♠❛rr✐❛❣❡

✐♥st❡❛❞ ♦❢ ✜rst✲❝❤✐❧❞❜✐rt❤✱ ✇❡ s♣❧✐t ♦✉r s❛♠♣❧❡ ♦❢ ✇♦♠❡♥ ✐♥ t✇♦ ❣r♦✉♣s✿ ✐✮ t❤♦s❡ ✇❤♦ ❜❡❝♦♠❡

♠♦t❤❡rs ❢♦r t❤❡ ✜rst t✐♠❡ ✇✐t❤✐♥ t✇♦ ②❡❛rs ♦❢ ♠❛rr✐❛❣❡ ✭❡❛r❧② ♠♦t❤❡rs✮❀ ❛♥❞ ✐✐✮ t❤♦s❡ ✇❤♦

❜❡❝♦♠❡ ♠♦t❤❡rs ❛❢t❡r t✇♦ ②❡❛rs ♦❢ ♠❛rr✐❛❣❡ ✭❧❛t❡ ♠♦t❤❡rs✮✳ ❋♦r t❤✐s ❡①❡r❝✐s❡✱ t❤❡ ❡✈❡♥t

♦❝❝✉rr✐♥❣ ❛t τ = 0 ✐s ♠❛rr✐❛❣❡✳ ❲❡ ✐♥t❡r♣r❡t t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢

❜♦t❤ ❣r♦✉♣s✱ ✉♣ t♦ t✇♦ ②❡❛rs✱ ❛s t❤❡ ♠♦t❤❡r❤♦♦❞ ❡✛❡❝t✳ ✻

❋✐❣✉r❡ ✶ s❤♦✇s t❤❡ ❡st✐♠❛t✐♦♥ r❡s✉❧ts✳ ❲❡ ✜♥❞ t❤❛t ❛❧t❤♦✉❣❤ ♠❛rr✐❛❣❡ tr✐❣❣❡rs ❛ ❞r♦♣

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

t❤❡ ♠❛rr✐❛❣❡ ❡✛❡❝t ✐s ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ t❤❡ ♠♦t❤❡r❤♦♦❞ ❡✛❡❝t✳ ❖✈❡r t❤❡ ✜rst t✇♦ ②❡❛rs

♦❢ ♠❛rr✐❛❣❡✱ ❧❛t❡ ♠♦t❤❡rs✖✐✳❡✳✱ ✇♦♠❡♥ ✇❤♦ ❞♦ ♥♦t ❤❛✈❡ ❝❤✐❧❞r❡♥ ✐♥ t❤❡ ✜rst t✇♦ ②❡❛rs ♦❢

♠❛rr✐❛❣❡✖ s❡❡ t❤❡✐r ♣r♦❜❛❜✐❧✐t② ♦❢ ✇♦r❦✐♥❣ ❞❡❝r❡❛s❡❞ ♦♥❧② ❜② ✸✳✸✪✱ ❝♦♠♣❛r❡❞ t♦ ❛❧♠♦st

✷✸✪ ❢♦r ❡❛r❧② ♠♦t❤❡rs✖✐✳❡✳✱ ✇♦♠❡♥ ✇❤♦ ❤❛✈❡ ❝❤✐❧❞r❡♥ ✐♥ t❤❡ ✜rst t✇♦ ②❡❛rs ♦❢ ♠❛rr✐❛❣❡✳

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

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

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

✻



❧♦♥❣ r✉♥ t❤❡✐r tr❡♥❞s ❡✈❡♥t✉❛❧❧② ❜❡❝♦♠❡ ♣❛r❛❧❧❡❧✱ st❛❜✐❧✐③✐♥❣ ❛t ❛r♦✉♥❞ ✲✷✷✪ ❢♦r ♦♥❡ ❣r♦✉♣✱

❛♥❞ ✲✷✻✪ ❢♦r t❤❡ ♦t❤❡r✱ ❜❡✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳ ❚❤✐s ❡①❡r❝✐s❡

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

♠♦t❤❡r❤♦♦❞ ❡✛❡❝t✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ ✐t ♠❛❦❡s ❝❧❡❛r t❤❛t ✐t ✐s t❤❡ ❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞

t❤❛t ❤❛s t❤❡ ❧❛r❣❡st ✐♠♣❛❝t ♦♥ ✇♦♠❡♥✬s ❧❛❜♦r ♠❛r❦❡t ♦✉t❝♦♠❡s✳✼

❋✐❣✉r❡ ✶✿ ❙❤♦rt✲ ❛♥❞ ▲♦♥❣✲❘✉♥ ▼❛rr✐❛❣❡ ❊✛❡❝ts ♦♥ ❊♠♣❧♦②♠❡♥t

◆♦t❡s✿ ❚❤❡ ❣r❛♣❤ s❤♦✇s t❤❡ ❡st✐♠❛t❡❞ ✈❛❧✉❡s ♦❢ Pτ = β̂τ

Ỹ
❢r♦♠ ❡q✉❛t✐♦♥ ✭✶✮ ❜❛s❡❞ ♦♥ s❡♣❛r❛t❡

r❡❣r❡ss✐♦♥s ❢♦r ❢❡♠❛❧❡s ✇❤♦ ❜❡❝❛♠❡ ♠♦t❤❡rs ✇✐t❤✐♥ t✇♦ ②❡❛rs ❛❢t❡r ♠❛rr✐❛❣❡ ✭❡❛r❧② ♠♦t❤❡rs✮ ❛♥❞ t❤♦s❡

✇❤♦ ❞✐❞ s♦ ❛❢t❡r t❤❡ ✜rst t✇♦ ②❡❛rs ♦❢ ♠❛rr✐❛❣❡ ✭❧❛t❡ ♠♦t❤❡rs✮ ♦♥ t❤❡ ♣♦♦❧ s❛♠♣❧❡ ♦❢ ❛❧❧ ✷✾ ❝♦✉♥tr✐❡s ✇❤❡♥

t❤❡ ❡✈❡♥t ❛t t✐♠❡ τ = 0 ✐s ❞❡✜♥❡❞ ❛s ✏♠❛rr✐❛❣❡✑ ❛♥❞ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s ✏❡♠♣❧♦②❡❞✑✳ ❆❧t❤♦✉❣❤

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

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

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

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

❛♥❞ ♠❛rr✐❛❣❡ ❞✉r❛t✐♦♥ ✐♥ t❤❡ ❧♦♥❣ r✉♥ ✇❤❡r❡ t❤❡ ❡✈❡♥t ♦❝❝✉r✐♥❣ ❛t τ = 0 ✐s ♥♦✇ t❤❡ ❜✐rt❤

♦❢ t❤❡ ✜rst ❝❤✐❧❞ ❛s ❢♦❧❧♦✇s✿
✼❏✉❤♥ ❛♥❞ ▼❝❈✉❡ ✭✷✵✶✼✮ ✉s✐♥❣ ❛ ❞✐✛❡r❡♥t ❡♠♣✐r✐❝❛❧ ❛♣♣r♦❛❝❤ ❛♥❞ ❞❛t❛ ❢♦r t❤❡ ❯❙ ❝♦♠♣❛r❡ ❡❛r♥✐♥❣s

♦❢ ❝❤✐❧❞❧❡ss ♠❛rr✐❡❞ ✇♦♠❡♥ ✇✐t❤ ♠❛rr✐❡❞ ✇♦♠❡♥ ✇✐t❤ ❝❤✐❧❞r❡♥ ✉♥❞❡r ✻ ❛♥❞ ❝❤✐❧❞r❡♥ ❜❡t✇❡❡♥ ✻✲✶✼ ❛♥❞ ✜♥❞
❛ ♠✉❝❤ s♠❛❧❧❡r ♠❛rr✐❛❣❡ ♣❡♥❛❧t② ❛♠♦♥❣ t❤❡ ❝❤✐❧❞❧❡ss ✇♦♠❡♥ ✇❤✐❝❤ t✉r♥s ✐♥t♦ ❛ ♣r❡♠✐✉♠ ❢♦r t❤❡ ♠♦st
r❡❝❡♥t ❝♦❤♦rts✳ ❲❡ ❞♦ ♥♦t ❝♦♠♣❛r❡ ♠♦t❤❡rs ✇✐t❤ ❝❤✐❧❞❧❡ss ✇♦♠❡♥ ❛♥❞✱ ❤❡♥❝❡✱ ♦✉r r❡s✉❧ts ❛r❡ ♥♦t ❞✐r❡❝t❧②
❝♦♠♣❛r❛❜❧❡✳
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Yitc =
∑

τ 6=−1

βτI(eit = τ)+
∑

a

γa+
∑

t

δt+
∑

c

λc+η·married+π·married·(years sincemarriage)+εit.

✭✷✮

❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ r❡s✉❧ts ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤❡ ♠❛r✐t❛❧ ❝♦♥tr♦❧s ✭s❡❡ ❋✐❣✉r❡ ✷✮

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

♦❢ ♠♦t❤❡rs ❞r♦♣s s✉❜st❛♥t✐❛❧❧② ✭❛r♦✉♥❞ ✷✺✪✮ ❛❢t❡r t❤❡✐r ✜rst ❝❤✐❧❞ ✐s ❜♦r♥✳

❚❤❡ ❡✈✐❞❡♥❝❡ s❤♦✇♥ ❧❡❛❞s ✉s t♦ ❝♦♥❝❧✉❞❡ t❤❛t ✐t ✐s t❤❡ ❛rr✐✈❛❧ ♦❢ t❤❡ ✜rst ❝❤✐❧❞✱ ❛♥❞ ♥♦t

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

❋✐❣✉r❡ ✷✿ P❛r❡♥t❤♦♦❞ ❡✛❡❝ts ♦♥ ❡♠♣❧♦②♠❡♥t

◆♦t❡s✿ ❚❤❡ ❣r❛♣❤ s❤♦✇s t❤❡ ❡st✐♠❛t❡❞ ✈❛❧✉❡s ♦❢ Pτ = β̂τ

Ỹ
❢r♦♠ ❡q✉❛t✐♦♥ ✭✷✮ ♦♥ t❤❡ ♣♦♦❧ s❛♠♣❧❡ ♦❢ ❛❧❧

✷✾ ❝♦✉♥tr✐❡s ✐♥ t❤❡ ❞❛t❛s❡t ❢♦r ✇♦♠❡♥ ✇❤❡♥ t❤❡ ❡✈❡♥t ❛t t✐♠❡ τ = 0 ✐s ❞❡✜♥❡❞ ❛s ✏❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞✑

❛♥❞ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s ✏❡♠♣❧♦②❡❞✑✳ ❘❡❣r❡ss✐♦♥s ❛r❡ r✉♥ s❡♣❛rt❛t❡❧② ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ✐♥❝❧✉❞✐♥❣

✏②❡❛rs s✐♥❝❡ ♠❛rr✐❛❣❡✑ ❛s ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✳ ❆❧t❤♦✉❣❤ ♥♦t s❤♦✇♥ ✐♥ t❤❡ ❣r❛♣❤✱ t❤❡ ❡st✐♠❛t✐♦♥ ✐♥❝❧✉❞❡s

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

❜♦♦ststr❛♣s✳

✹ ▼♦t❤❡r❤♦♦❞ ♦r Pr❡❣♥❛♥❝②❄

❚♦ ❞✐s❡♥t❛♥❣❧❡ t❤❡ ❡✛❡❝t ♦❢ ♣r❡❣♥❛♥❝②✱ ❛♥❞ t❤❡ ❢❛❝t♦rs t❤❛t ❝♦rr❡❧❛t❡ ✇✐t❤ ♣r❡❣♥❛♥❝✐❡s✱

❢r♦♠ ✜rst✲❝❤✐❧❞❜✐rt❤ ✇❡ r❡str✐❝t t❤❡ s❛♠♣❧❡ t♦ ✇♦♠❡♥ ✇❤♦ ❜❡❝♦♠❡ ♠♦t❤❡rs ❛t s♦♠❡ ♣♦✐♥t

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

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

✽



✐♥ ❛ ♥♦t✲❛❧✐✈❡ ❝❤✐❧❞❀ ✭✐✐✮ t❤♦s❡ t❤❛t ❞✐❞ ❤❛✈❡ ❛ ❝❤✐❧❞ ✇✐t❤✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦✉r ②❡❛rs✳✽ ❲❡

❞❡✜♥❡ t❤❡ ❡✈❡♥t ✭τ = 0✮ ❞✐✛❡r❡♥t❧② ❢♦r ❡❛❝❤ ❣r♦✉♣✿ ❢♦r t❤❡ ❢♦r♠❡r✱ ✐t r❡♣r❡s❡♥ts t❤❡ ♣❡r✐♦❞

✐♥ ✇❤✐❝❤ t❤❡ ✜rst ♣r❡❣♥❛♥❝② ❡♥❞❡❞❀ ❢♦r t❤❡ ❧❛tt❡r ✐t ✐❞❡♥t✐✜❡s t❤❡ ♣❡r✐♦❞ ✐♥ ✇❤✐❝❤ t❤❡ ✜rst

❛❧✐✈❡ ❜✐rt❤ ♦❝❝✉r❡❞✳ ❯s✐♥❣ ❙❍❆❘❊ ❞❛t❛ ❛♥❞ t❤❡ ❡✈❡♥t st✉❞② ❛♣♣r♦❛❝❤ ❛s ✐♥ ❇❡r♥✐❡❧❧ ❡t ❛❧✳

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

❡✈❡♥ts✳

❋✐❣✉r❡ ✸ s❤♦✇s ❡♠♣❧♦②♠❡♥t r❛t❡s ♦❢ ✇♦♠❡♥ ✇❤♦s❡ ✜rst ♣r❡❣♥❛♥❝② ❡♥❞❡❞ ✐♥ ❛ ♥♦♥✲❧✐✈❡

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

❛ ❝❤✐❧❞ s❤♦rt❧② ❛❢t❡r ✭r✐❣❤t ♣❛♥❡❧✮✳ ❋♦r t❤❡ ❧❛tt❡r ❣r♦✉♣✱ ❡♠♣❧♦②♠❡♥t r❛t❡s ❢❛❧❧ ❜② ♠♦r❡

t❤❛♥ ✸✵✪ ♦♥❡ ②❡❛r ❛❢t❡r t❤❡ ❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞✳ ■♥ ❝♦♥tr❛st✱ ❢♦r t❤❡ ❢♦r♠❡r ❣r♦✉♣ t❤❡

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

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

s✐③❡. ❚❤❡s❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ✐t ✐s t❤❡ ✜rst ❧✐✈❡ ❜✐rt❤ t❤❛t ❛✛❡❝ts ✇♦♠❡♥✬s ❡♠♣❧♦②♠❡♥t

❛♥❞ ♥♦t ♣r❡❣♥❛♥❝② ❜② ✐ts❡❧❢ ♦r ♦t❤❡r ❢❛❝t♦rs t❤❛t ❝♦rr❡❧❛t❡ ✇✐t❤ ♣r❡❣♥❛♥❝✐❡s✳

✽●✐✈❡♥ t❤❛t ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♥♦♥✲❛❧✐✈❡ ❜✐rt❤s ✐s ♦♥❧② ❛✈❛✐❧❛❜❧❡ ✐♥ ❙❍❆❘❊▲■❋❊ ✇❛✈❡ ✸✱ ✇❡ ❛r❡ ♥♦t ❛❜❧❡
t♦ ❝❛rr② ♦✉t t❤✐s ❛♥❛❧②s✐s ❢♦r ✇♦♠❡♥ ✐♥ ✇❛✈❡ ✼✳
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❋✐❣✉r❡ ✸✿ Pr❡❣♥❛♥❝✐❡s ✇✐t❤ ♥♦t ❛❧✐✈❡ ❝❤✐❧❞r❡♥ ❛♥❞ ✜rst✲❝❤✐❧❞❜✐rt❤ ❡✛❡❝ts ♦♥ ❡♠♣❧♦②♠❡♥t

◆♦t❡s✿ ❚❤❡ ❣r❛♣❤ s❤♦✇s t❤❡ ❡st✐♠❛t❡❞ ✈❛❧✉❡s ♦❢ Pτ = β̂τ

Ỹ
❢r♦♠ ❡q✉❛t✐♦♥ ✭✶✮ ❜❛s❡❞ ♦♥ s❡♣❛r❛t❡

r❡❣r❡ss✐♦♥s ❢♦r ♠♦t❤❡rs ✇❤♦s❡ ✜rst ♣r❡❣♥❛♥❝② ❡♥❞❡❞ ✐♥ ❛ ♥♦♥✲❛❧✐✈❡ ❝❤✐❧❞ ❛♥❞ ✭✐✮ ❞✐❞ ♥♦t ❤❛✈❡ ❛ ❝❤✐❧❞ ✐♥

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

s❛♠♣❧❡ ♦❢ ❛❧❧ ✶✹ ❝♦✉♥tr✐❡s ❢r♦♠ ✇❛✈❡ ✸ ✇❤❡♥ t❤❡ ❡✈❡♥t ❛t t✐♠❡ τ = 0 ✐s ❞❡✜♥❡❞ ❛s ✏❡♥❞ ♦❢ ✜rst ♣r❡❣♥❛♥❝②

❡♥❞✐♥❣ ✐♥ ❛♥ ♥♦♥✲❛❧✐✈❡ ❝❤✐❧❞✑ ❢♦r t❤❡ ❢♦r♠❡r ❣r♦✉♣ ❛♥❞ ✏❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞✑ ❢♦r t❤❡ ❧❛tt❡r✳ ❚❤❡

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

❧❛❣s ♦❢ ✉♣ t♦ ✷✵ ♣❡r✐♦❞s✳ ❚❤❡ st❛♥❞❛r❞ ❡rr♦rs ✇❡r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ✭❝❧✉st❡r❡❞ ❜② ✐♥❞✐✈✐❞✉❛❧✮ ❜♦♦ststr❛♣s✳

▼♦r❡♦✈❡r✱ t❤✐s ❡①❡r❝✐s❡ ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ ✐♥ ❢❛✈♦r ♦❢ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛ss✉♠♣t✐♦♥s

♠❛❞❡ ✐♥ t❤❡ ❝❤✐❧❞ ♣❡♥❛❧t✐❡s ❧✐t❡r❛t✉r❡✳ ■♥ t❤❡ ✜rst ♣❧❛❝❡✱ ✇❡ ❝♦♥tr✐❜✉t❡ t♦ ✈❛❧✐❞❛t✐♥❣ t❤❡

❡①♦❣❡♥❡✐t② ❛ss✉♠♣t✐♦♥ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ✜rst ❝❤✐❧❞ ♦♥ ❡♠♣❧♦②♠❡♥t ❢♦r ❛ ❣r♦✉♣

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

✜rst ♣r❡❣♥❛♥❝② t❤❛t ❡♥❞❡❞ ✐♥ ❛ ♥♦♥✲❛❧✐✈❡ ❜✐rt❤✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ▲✉♥❞❜♦r❣ ❡t ❛❧✳ ✭✷✵✶✼✮

✇❤♦ ✉s❡ ✐♥✲✈✐tr♦ ❢❡r❧✐③❛t✐♦♥ tr❡❛t♠❡♥t s✉❝❝❡ss ❛s ❛♥ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡

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

❜✐❧✐t② ♦❢ r❡✈❡rs❡ ❝❛✉s❛❧✐t②✳ ❚❤❛t ✐s✱ t❤❛t t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ♦❜s❡r✈❡❞ ❛t ❝❤✐❧❞❜✐rt❤ ✐♥ t❤❡

❡♠♣❧♦②♠❡♥t tr❛❥❡❝t♦r② ♦❢ ✇♦♠❡♥ ❝♦✉❧❞ ❜❡ t❤❡ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ❧❛❜♦r ♦✉t❝♦♠❡s ❝♦♥t❡♠♣♦r❛✲

♥❡♦✉s❧② ❛✛❡❝t✐♥❣ ❢❡rt✐❧✐t②✱ ❛♥❞ ♥♦t t❤❡ ♦t❤❡r ✇❛② ❛r♦✉♥❞✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ✇♦♠❡♥ ❞❡❝✐❞❡ t♦

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

♦❢ t❤❡ ❝❛✉s❛❧✐t② ✐s r❡✈❡rs❡❞ ✭✐✳❡✳ ♥❡❛r ❢✉t✉r❡ ❡♠♣❧♦②♠❡♥t ♦✉t❝♦♠❡ ❛✛❡❝ts t❤❡ t✐♠✐♥❣ ♦❢

♣r❡❣♥❛♥❝②✮✳ ●✐✈❡♥ t❤❛t ✇❡ ❞♦ ♥♦t ✜♥❞ ❞❡❝r❡❛s❡s ✐♥ ❡♠♣❧♦②♠❡♥t r❛t❡s ♦❢ ✇♦♠❡♥ ✇❤❡♥
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♣r❡❣♥❛♥❝② ❡♥❞s ✐♥ ❛ ♥♦t✲❛❧✐✈❡ ❝❤✐❧❞✱ t❤✐s ♠❡❝❤❛♥✐s♠ ❞♦❡s ♥♦t s❡❡♠ t♦ ❜❡ ♦♣❡r❛t✐♥❣✳ ❖♥❡

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

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

r✐❛❣❡s✱ ❣✐✈❡♥ t❤❛t ✼✸✪ ♦❢ t❤❡♠ ❡♥❞❡❞ ❛❢t❡r t❤❡ t❤✐r❞ ♠♦♥t❤ ✭❋✐❣✉r❡ ✹❛✮✳ ❋✉rt❤❡r♠♦r❡✱ ❢❡✇

❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❤❛❞ ❧❡❣❛❧✐③❡❞ ❛❜♦rt✐♦♥s ✐♥ t❤❡ ②❡❛rs s✉❝❤ ♣r❡❣♥❛♥❝✐❡s ❡♥❞❡❞ ✭❋✐❣✉r❡

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

♠❛② r❡❞✉❝❡ t❤❡♠✳

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

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

❋✐❣✉r❡ ✹✿ Pr❡❣♥❛♥❝✐❡s ✇✐t❤ ♥♦t ❛❧✐✈❡ ❝❤✐❧❞r❡♥

✭❛✮ ▼♦♥t❤s ♣r❡❣♥❛♥❝② ❧❛st❡❞

✭❜✮ ❨❡❛r ♣r❡❣♥❛♥❝② ❡♥❞❡❞

✺ ❈♦♥❝❧✉s✐♦♥s

▲❛r❣❡ ♠♦t❤❡r❤♦♦❞ ❡✛❡❝ts ❤❛✈❡ ❜❡❡♥ ❞♦❝✉♠❡♥t❡❞ r❡❝❡♥t❧② ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❢♦r ❞✐✛❡r❡♥t

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

✶✶



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

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

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

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

♦❢ ❝r♦♥tr♦❧s✳ ❯s✐♥❣ ❞❛t❛ ❢r♦♠ ❙❍❆❘❊✱ ❛ s✉r✈❡② ♦❢ ✐♥❞✐✈✐❞✉❛❧s ❛❣❡❞ ✺✵ ❛♥❞ ♦✈❡r ✐♥ ✷✽

❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s ❛♥❞ ■sr❛❡❧✱ ❛♥❞ ❜❛s❡❞ ♦♥ ❛♥ ❡✈❡♥t st✉❞② ♠❡t❤♦❞♦❧♦❣② ✇❡ ❡①♣❧♦r❡

✇❤❡t❤❡r t✇♦ ❡✈❡♥ts t❤❛t ♦❝❝✉r ❛r♦✉♥❞ t❤❡ ❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞ ❡①♣❧❛✐♥ ♣❛rt ♦❢ t❤❡

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

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

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

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

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

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

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

✇♦♠❡♥✬s ❧❛❜♦r ♠❛r❦❡t ♦✉t❝♦♠❡s✳

❖✉r ❛✐♠ ✐s t♦ ❞✐s❡♥t❛♥❣❧❡ t❤❡ ❡✛❡❝ts ♦❢ t❤❡s❡ ❡✈❡♥ts ❢r♦♠ t❤❡ ❜✐rt❤ ♦❢ t❤❡ ✜rst ❝❤✐❧❞✱

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

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

♠♦t❤❡rs ✭✐✳❡✳✱ ✇♦♠❡♥ t❤❛t ❤❛✈❡ t❤❡✐r ✜rst ❝❤✐❧❞ ✇✐t❤✐♥ t✇♦ ②❡❛rs ♦❢ ♠❛rr✐❛❣❡✮ s✉✛❡r ❛ ✈❡r②

❧❛r❣❡ ❞r♦♣ ✭✷✹✪✮ ✐♥ ❡♠♣❧♦②♠❡♥t r❛t❡s ❝♦♠♣❛r❡❞ t♦ ❛ s♠❛❧❧ ❡✛❡❝t ✭✸✳✸✪✮ ❢♦r ❧❛t❡ ♠♦t❤❡rs

✭✐✳❡✳✱ ✇♦♠❡♥ t❤❛t ❤❛✈❡ t❤❡✐r ✜rst ❝❤✐❧❞ ✷ t♦ ✹ ②❡❛rs ❛❢t❡r ❣❡tt✐♥❣ ♠❛rr✐❡❞✮ ✲✇❤✐❝❤ ✐♥ t✉r♥

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

❤❛✈❡ t❤❡✐r ❝❤✐❧❞✱ t❤❡✐r tr❡♥❞s ❡✈❡♥t✉❛❧❧② ❝♦♥✈❡r❣❡✱ ❜❡❝♦♠✐♥❣ ♥♦t st❛t✐st✐❝❛❧❧② ❞✐✛❡r❡♥t ✶✺

②❡❛rs ❛❢t❡r ♠❛rr✐❛❣❡✳

❚♦ ❛ss❡ss ✇❤❡t❤❡r ♣r❡❣♥❛♥❝② ❛♥❞✱ ♠♦r❡ ✐♠♣♦rt❛♥t❧②✱ ♦t❤❡r ❢❛❝t♦rs t❤❛t ❝♦rr❡❧❛t❡ ✇✐t❤

♣r❡❣♥❛♥❝✐❡s ❡①♣❧❛✐♥ t❤❡ s♦✲❝❛❧❧❡❞ ♠♦t❤❡r❤♦♦❞ ❡✛❡❝t ✐♥ ❧❛❜♦r ♠❛r❦❡t ♦✉t❝♦♠❡s✱ ✇❡ r❡str✐❝t

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

❛ ♥♦♥✲❛❧✐✈❡ ❜✐rt❤✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ✇❤❡♥ ✇❡ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ✜rst ♣r❡❣♥❛♥❝② ✕

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

❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❡✛❡❝t✳ ❍♦✇❡✈❡r✱ ✇❡ ❞♦ ✜♥❞ ❛ ❞r♦♣ ♦❢ ♦✈❡r ✸✵✪ ✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t②

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

✶✷



❚❤❡s❡ r❡s✉❧ts ✐♠♣❧② t❤❛t ♥❡✐t❤❡r ♠❛rr✐❛❣❡ ♥♦r ♣r❡❣♥❛♥❝② ♦r ♦t❤❡r ❢❛❝t♦r t❤❛t ❝♦rr❡✲

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

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

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

❡✛❡❝ts ❛r❡ ❜❛s❡❞✳ ❋♦❧❧♦✇✐♥❣ ♦✉r r❡s✉❧ts ✇❡ ❝♦♥❝❧✉❞❡ t❤❛t ✐t ✐s t❤❡ ❛rr✐✈❛❧ ♦❢ t❤❡ ✜rst ❝❤✐❧❞

❛♥❞ t❤❡ ❝❛r❡ ♥❡❡❞s ❛ss♦❝✐❛t❡❞ t♦ ✐t t❤❛t tr✐❣❣❡r t❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ✐♥ ✇♦♠❡♥✬s

❞❡❝✐s✐♦♥s r❡❣❛r❞✐♥❣ t❤❡✐r ♣❛rt✐❝✐♣❛t✐♦♥ ✐♥ t❤❡ ❧❛❜♦r ♠❛r❦❡t✳

❘❡❢❡r❡♥❝❡s

❇❡r♥✐❡❧❧✱ ■✳✱ ❇❡r♥✐❡❧❧✱ ▲✳✱ ❞❡ ❧❛ ▼❛t❛✱ ❉✳✱ ❊❞♦✱ ▼✳✱ ❋❛✇❛③✱ ❨✳✱ ▼❛❝❤❛❞♦✱ ▼✳✱ ▼❛r❝❤✐♦♥♥✐✱ ▼✳✱

✷✵✷✵✳ ▼♦t❤❡r❤♦♦❞ ❛♥❞ t❤❡ ❛❧❧♦❝❛t✐♦♥ ♦❢ t❛❧❡♥t✿ ❍❛r♠♦♥✐③❡❞ ❡✈✐❞❡♥❝❡ ♦♥ ✷✾ ❝♦✉♥tr✐❡s✳

❈❊❉▲❆❙ ❲♦r❦✐♥❣ P❛♣❡r ✷✼✵✳ ❈❡♥t❡r ❢♦r ❉✐str✐❜✉t✐✈❡✱ ▲❛❜♦r✱ ❛♥❞ ❙♦❝✐❛❧ ❙t✉❞✐❡s✳

❇❡r♥✐❡❧❧✱ ■✳✱ ❇❡r♥✐❡❧❧✱ ▲✳✱ ❞❡ ❧❛ ▼❛t❛✱ ❉✳✱ ❊❞♦✱ ▼✳✱ ▼❛r❝❤✐♦♥♥✐✱ ▼✳✱ ✷✵✷✶✳ ●❡♥❞❡r ❣❛♣s

✐♥ ❧❛❜♦r ✐♥❢♦r♠❛❧✐t②✿ ❚❤❡ ♠♦t❤❡r❤♦♦❞ ❡✛❡❝t✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s ✶✺✵✱

✶✵✷✺✾✾✳

❈♦rtés✱ P✳✱ P❛♥✱ ❏✳✱ ✷✵✷✵✳ ❈❤✐❧❞r❡♥ ❛♥❞ t❤❡ r❡♠❛✐♥✐♥❣ ❣❡♥❞❡r ❣❛♣s ✐♥ t❤❡ ❧❛❜♦r ♠❛r❦❡t✳

◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡r ◆♦✳ ✷✼✾✽✵✳
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