
❍❛❞r♦♥ t❤❡r♠♦❞②♥❛♠✐❝s ❢r♦♠ ✐♠❛❣✐♥❛r② ❝❤❡♠✐❝❛❧

♣♦t❡♥t✐❛❧s

❆tt✐❧❛ Pás③t♦r

❢♦r t❤❡ ❲✉♣♣❡rt❛❧✲❇✉❞❛♣❡st ❈♦❧❧❛❜♦r❛t✐♦♥

❛r❳✐✈✿✶✼✵✷✳✵✶✶✶✸



❚❤❡ ✈✐r✐❛❧ ❡①♣❛♥s✐♦♥

◮ ❚❛②❧♦r ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ✐♥ t❤❡ ❢✉❣❛❝✐t② ❡µ/❚

◮ ❙t❛rt✐♥❣ ❢r♦♠ ❛ ❣r❛♥❞ ❝❛♥♦♥✐❝❛❧ ❡♥s❡♠❜❧❡ ✭❢♦r s✐♠♣❧✐❝✐t② ✇✐t❤
♦♥❡ ❝♦♥s❡r✈❡❞ ❝❤❛r❣❡ ◆ ❛♥❞ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ µ✮✿

♣ =
❚

❱
❧♦❣❩ =

❚

❱
❧♦❣❚r

(

❡−(❍−µ◆)/❚
)

=
❚

❱
❧♦❣∑

◆

❡µ◆/❚ ❚r◆ ❡
−❍/❚

= ∑
◆

❆◆❡
µ◆/❚

◮ ❆◆ ❂ ✈✐r✐❛❧ ❝♦❡✣❝✐❡♥t



❚❤❡ ✈✐r✐❛❧ ❡①♣❛♥s✐♦♥

◮ ■♥ ♠❛♥② r❡s♣❡❝ts✱ ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ❚❛②❧♦r ❡①♣❛♥s✐♦♥ ✐♥ µ
◮ ❈❛♥ ❜❡ ✉s❡❞ t♦ ❡①tr❛♣♦❧❛t❡ t♦ s♠❛❧❧ ✜♥✐t❡ µ
◮ ❙❡♥s✐t✐✈❡ t♦ ❝r✐t✐❝❛❧✐t②
◮ ❙❡♥s✐t✐✈❡ t♦ t❤❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ♦❢ t❤❡ ♠❛tt❡r

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

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

s✐♠✉❧❛t✐♦♥s

◮ ❆♥❞ ♦♥❡ ❞✐s❛❞✈❛♥t❛❣❡✿
◮ ❍❛r❞❡r t♦ ❝♦♥♥❡❝t ✇✐t❤ ❤❡❛✈② ✐♦♥ ❡①♣❡r✐♠❡♥ts



❙✲♠❛tr✐① ❢♦r♠❛❧✐s♠ ❢♦r t❤❡ ✈✐r✐❛❧ ❡①♣❛♥s✐♦♥

◮ ❚❤❡ ♠❛st❡r ❢♦r♠✉❧❛ ✭❉❛s❤❡♥✱ ▼❛✱ ❇❡r♥st❡✐♥ ✶✾✻✾✮✿

❆❇,❙ ,◗ −❆
❢r❡❡
❇,❙ ,◗ = ∑❛ν

❛ν =

(

❚

✽π✸✐

)

∫ ∞

▼ν

❞❊❊ ✷❑✷(❊/❚ )❚rν

(

❙−✶
←→

∂

∂❊
❙

)

❝

❍❡r❡✿
◮ ν ❂ ❝❤❛♥♥❡❧✱ ❡✳❣✳ ❇ = ✶,❙ = ✵,◗ = ✵ ✐♥❝❧✉❞❡✿

♣π−,♣π−π+π−,♣π−π+π−π+π−✱ ✳ ✳ ✳ ✱
♣π−,♣π−♣♣̄✱ ✳ ✳ ✳
♥π✵✱ ✳ ✳ ✳

◮ ▼ν ❂ s✉♠ ♦❢ ❛❧❧ ♠❛ss❡s ✐♥ t❤❡ ❣✐✈❡♥ ❝❤❛♥♥❡❧

◮ ❑✷(❊/❚ )∼
√

π❚
✷❊
❡−❊/❚ ❛s ❊ → ∞ ❛ ✏❇♦❧③♠❛♥♥ ❢❛❝t♦r✑



❲❤❛t ❛❜♦✉t t❤❡ ❝r♦ss✲♦✈❡r❄

◮ ❱✐r✐❛❧ ❡①♣❛♥s✐♦♥ ❛t ❤✐❣❤ ❚
◮ ❚❤❡ ✈✐r✐❛❧ ❡①♣❛♥s✐♦♥ ✐ts❡❧❢ ✐s ♥♦t ✐♥✈❛❧✐❞❛t❡❞ ❛t ❤✐❣❤ ❚ ✱ ❜✉t t❤❡

❍❘● ❞♦❡s ♥♦t ❣✐✈❡ t❤❡ ❝♦rr❡❝t ❝♦❡✣❝✐❡♥ts
◮ ❙✐♥❝❡ t❤❡r❡ ✐s ♥♦ tr✉❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❛t µ = ✵✱ ❛♥② ♣❤②s✐❝s

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

❆t ❧❡❛st ✐♥ ♣r✐♥❝✐♣❧❡✳
◮ ❚❤❡ ❙✲♠❛tr✐① ❢♦r♠✉❧❛ s❤♦✉❧❞ st✐❧❧ ❜❡ tr✉❡✱ ❜✉t ♥♦t ✈❡r② ✉s❡❢✉❧✳

✏❨♦✉ ♠❛② ✉s❡ ❛♥② ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ②♦✉ ❧✐❦❡ t♦ ❞❡s❝r✐❜❡ ❛

♣❤②s✐❝❛❧ s②st❡♠✱ ❜✉t ✐❢ ②♦✉ ✉s❡ t❤❡ ✇r♦♥❣ ♦♥❡s✱ ②♦✉✬❧❧ ❜❡ s♦rr②✳✏

✖ ❙t❡✈❡♥ ❲❡✐♥❜❡r❣✱ ❚❤✐r❞ ▲❛✇ ♦❢ Pr♦❣r❡ss ✐♥ ❚❤❡♦r❡t✐❝❛❧ P❤②✐❝s



❱✐r✐❛❧ ❝♦❡✣❝✐❡♥ts ❢r♦♠ ✐♠❛❣✐♥❛r② µ

◮ ❘❡❛❧ µ ✈✐r✐❛❧ ❝♦❡✣❝✐❡♥ts✿

♣(❚ ,µ❇) ∋ ♣❇✶ (❚ )❝♦s❤(µ❇/❚ )

◮ ❇❡❝♦♠❡ ✐♠❛❣✐♥❛r② µ ❋♦✉r✐❡r ❝♦❡✣❝✐❡♥ts✿

♣(❚ , ✐µ■ ) ∋ ♣❇✶ (❚ )❝♦s(µ■/❚ )

◮ ❆t ✐♠❛❣✐♥❛r② µ ✱ t❤❡r❡ ✐s ♥♦ s✐❣♥ ♣r♦❜❧❡♠✳

◮ ❆ ❧❛r❣❡ ❜♦❞② ♦❢ ❧✐t❡r❛t✉r❡ ✉s❡s ❛♥❛❧②t✐❝✐❛❧ ❝♦♥t✐♥✉❛t✐♦♥ ❢r♦♠
✐♠❛❣✐♥❛r② ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧s✿ ❞❡ ❋♦r❝r❛♥❞✱ P❤✐❧✐♣s❡♥ ✷✵✵✷❀ ❉✬❊❧✐❛✱

▲♦♠❜❛r❞♦ ✷✵✵✸❀ ❇♦♥❛t✐ ❡t ❛❧ ✷✵✶✺❀ ❏✳ ●ü♥t❤❡r✬s t❛❧❦ ❡❛r❧✐❡r t♦❞❛②

◮ ❚❤✐s ✐s ◆❖❚ ✇❤❛t ■ ❞♦✳ ■ ♠❡r❡❧② ✉s❡ t❤❡ ❢❛❝t✱ t❤❛t t❤❡r❡ ✐s ❛♥
❡①❛❝t r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❋♦✉r✐❡r ❝♦❡✣❝✐❡♥ts ❛♥❞ t❤❡ ❞❡♥s✐t②
♦❢ st❛t❡s✴❙✲♠❛tr✐① t♦ ❛♥s✇❡r ②❡s✲♦r✲♥♦ t②♣❡ q✉❡st✐♦♥s ❛❜♦✉t
♠♦❞❡❧s✳



▲❛tt✐❝❡ ❞❡t❛✐❧s

◮ ▲❛tt✐❝❡ ❛❝t✐♦♥
◮ ✹ ❧❡✈❡❧s ♦❢ st♦✉t s♠❡❛r✐♥❣ ✐♥ t❤❡ ❢❡r♠✐♦♥ ❛❝t✐♦♥✱ ✇✐t❤ t❤❡

s♠❡❛r✐♥❣ ♣❛r❛♠❡t❡r ρ = ✵.✶✷✺
◮ ◆t = ✽,✶✵,✶✷,✶✻
◮ ❆s♣❡❝t r❛t✐♦s ▲❚ = ✹



❚❤❡ ❤❛❞r♦♥✐❝ ♣❤❛s❡ ✲ str❛♥❣❡♥❡ss s❡❝t♦rs

◮ ❍❘● s✉❣❣❡sts ❛ ♣❛rt✐❝✉❧❛r tr✉♥❝❛t✐♦♥ ♦❢ t❤❡ ✈✐r✐❛❧ ❡①♣❛♥s✐♦♥✿

P(µ̂❇ , µ̂❙ , µ̂◗ = ✵) = P❇❙
✵✵ +P❇❙

✶✵ ❝♦s❤(µ̂❇)+P❇❙
✵✶ ❝♦s❤(µ̂❙)

+ P❇❙
✶✶ ❝♦s❤(µ̂❇ − µ̂❙)+P❇❙

✶✷ ❝♦s❤(µ̂❇ −✷µ̂❙)

+ P❇❙
✶✸ ❝♦s❤(µ̂❇ −✸µ̂❙)+ . . . ,

✇✐t❤ ❛❧❧ ♣♦s✐t✐✈❡ ❝♦❡✣❝✐❡♥ts P❇❙
✐❥ > ✵✳

◮ ❋r♦♠ t❤✐s✿

P❇❙
✵✶ = χ❙

✷ −χ❇❙
✷✷

P❇❙
✶✸ =

✶

✽

(

χ❙
✹ −χ❙

✷ +✸χ❇❙
✶✸ +✸χ❇❙

✷✷

)

❚❤✐s ✐s t❤❡ ♠❡t❤♦❞ ✉s❡❞ ❡✳❣✳ ❇❛③❛✈♦✈ ❡t ❛❧✱ ✶✹✵✹✳✻✺✶✶✳ ■t ❤❛s
❧✐♠✐t❡❞ ❛❝❝✉r❛❝② ❜❡❝❛✉s❡ ♦❢ ❧❛r❣❡ ❝❛♥❝❡❧❧❛t✐♦♥s ✐♥ t❤❡ ❧✐♥❡❛r
❝♦♠❜✐♥❛t✐♦♥s✳



❙tr❛♥❣❡♥❡ss s❡❝t♦rs ✲ ✜t ♣r♦❝❡❞✉r❡

◮ ■♥ ♦✉r st✉❞② ✇❡ ✐♥st❡❛❞ ✉s❡ t❤❡ ❍❘● ❛♥s❛t③ ❢♦r ❛ ❝♦rr❡❧❛t❡❞ ✜t
♦♥ ❧❛tt✐❝❡ ❞❛t❛ ❢♦r t❤❡ ✢✉❝t✉❛t✐♦♥s ❢♦r ✐♠❛❣✐♥❛r② µ❙
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❈♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❚❛②❧♦r ❡①♣❛♥s✐♦♥ ♠❡t❤♦❞

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

 0.22

 0.24

 0.26

 135  140  145  150  155  160

p
B

=
0

,|
S

|=
1

T[MeV]

Direct method at µ=0, Nt=16
Imaginary µS method, Nt=16

❙t❛t✐st✐❝s ❡①♣❧❛✐♥s ♦♥❧② ❛ ❢❛❝t♦r ♦❢ ✷ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❡rr♦rs



❙tr❛♥❣❡♥❡ss s❡❝t♦rs ✲ ❝♦♥t✐♥✉✉♠ ❧✐♠✐t

◮ ❋✐ts ❛t ✜① ◆t ✱ ❢♦❧❧♦✇❡❞ ❜② ❝♦♥t✐♥✉✉♠ ❡①tr❛♣♦❧❛t✐♦♥

◮ ❙②st❡♠❛t✐❝ ❡rr♦r ❢r♦♠✿
◮ s❝❛❧❡ s❡tt✐♥❣✿ ✇✵ ❛♥❞ ❢π
◮ ✐♥t❡r♣♦❧❛t✐♦♥ ✐♥ t❡♠♣❡r❛t✉r❡
◮ tr❡❡ ❧❡✈❡❧ ✐♠♣r♦✈❡♠❡♥t ♦r ♥♦t
◮ ❝♦♥t✐♥✉✉♠ ❧✐♠✐t ❛♥s❛t③✿ ❛+❜/◆✷

t
♦r ✶/(❛+❜/◆✷

t
)

◮ ❆■❈ ✇❡✐❣❤ts ❛♥❞ t❤❡ ❤✐st♦❣r❛♠ ♠❡t❤♦❞



❙tr❛♥❣❡♥❡ss s❡❝t♦rs ✲ ❝♦♥t✐♥✉✉♠ ❧✐♠✐t

◮ ❈♦♥t✐♥✉✉♠ ❧✐♠✐t ❢♦r ❇ > ✵

 0
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p |
S

|=
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1/Nt
2

T=135MeV

T=145MeV

T=150MeV

◮ ❋♦r t❤❡ str❛♥❣❡ ♠❡s♦♥s✱ ♦♥❧② ❡st✐♠❛t❡ ❢r♦♠ t❤❡ ◆t = ✶✷ ❛♥❞ ✶✻



❙tr❛♥❣❡♥❡ss s❡❝t♦rs ✲ r❡s✉❧ts

 0.0001

 0.001

 0.01

 0.1
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 10
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 p
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4

T [MeV]

 Total
 |B|=0,|S|=1
 |B|=1,|S|=0
 |B|=1,|S|=1
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❙tr❛♥❣❡♥❡ss s❡❝t♦rs ✲ r❡s✉❧ts



❲❤❛t ❛❜♦✉t t❤❡ ❝r♦ss♦✈❡r❄

◮ ❚❤❡ ❍❘● ❛♥s❛t③ ✇✐❧❧ ♥♦t ❤♦❧❞ ❛❜♦✈❡ t❤❡ ❝r♦ss♦✈❡r t❡♠♣❡r❛t✉r❡

◮ ■♥ ♣❛rt✐❝✉❧❛r✱ ♥❡✇ t❡r♠s✱ ❧✐❦❡ ❇ = ✷✱ ✇✐❧❧ ❛♣♣❡❛r ✐♥ t❤❡ ✈✐r✐❛❧
❡①♣❛♥s✐♦♥

◮ ❙♦♠❡ t❡r♠s ✇✐❧❧ ❤❛✈❡ ❛ ♥❡❣❛t✐✈❡ s✐❣♥

◮ ❚♦ st✉❞② t❤✐s ✐ss✉❡ ✇❡ ✉s❡ ✐♠❛❣✐♥❛r② ❜❛r②♦♥ ❝❤❡♠✐❝❛❧
♣♦t❡♥t✐❛❧s✱ ❛♥❞ ♣❡r❢♦r♠ ❛ ❞✐s❝r❡t❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠✿

χ❇
✶ (✐ ■♠µ❇) = ✐∑❦P❇

❦ s✐♥(❦ ■♠µ❇)



❍✐❣❤❡r ❋♦✉r✐❡r ❝♦♠♣♦♥❡♥ts

χ❇
✶ (✐ ■♠µ❇) = ✐∑❦P❇

❦ s✐♥(❦ ■♠µ❇) = ✐∑❜❦ s✐♥(❦ ■♠µ❇)
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❚❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ♥❡❣❛t✐✈❡ s✐❣♥ ❇ = ✷ ❝♦♥tr✐❜✉t✐♦♥ ❝❧❡❛r❧②
s✐❣♥❛❧s t❤❡ ❜r❡❛❦❞♦✇♥ ♦❢ ❍❘●✳



❍✐❣❤❡r ❋♦✉r✐❡r ❝♦♠♣♦♥❡♥ts ✲ ❙ ♠❛tr✐① ❢♦r♠❛❧✐s♠❄

◮ ■♥ t❤❡ ❙✲♠❛tr✐① ❢♦r♠❛❧✐s♠✱ t❤✐s s❡❝♦♥❞ ✈✐r✐❛❧ ❝♦❡✣❝✐❡♥t ❣❡ts
❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ♠❛♥② ❝❤❛♥♥❡❧s✿ ◆◆✱ ◆◆ππ✱ ◆ππππ✱ ✳ ✳ ✳
◆ Λ✱ ◆ Λ π π✱ ✳ ✳ ✳ Λ Λ✱ ✳ ✳ ✳

◮ ❆ss✉♠✐♥❣ t✇♦✲❜♦❞② ❡❧❛st✐❝ s❝❛tt❡r✐♥❣s ❞♦♠✐♥❛t❡ ✇❡ ❣❡t
❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ t②♣❡✿

❛◆◆ =
❚

✷π✸

∫

❞❊❊ ✷❑✷(❊/❚ )∑
ℓ,■

(✷ℓ+✶)(✷■ +✶)
∂δ ■

ℓ

∂❊

◮ ❆ r❡♣✉❧s✐✈❡ ✐♥t❡r❛❝t✐♦♥ ❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s✐♥❣ ♣❤❛s❡ s❤✐❢t → ❛
♥❡❣❛t✐✈❡ s❡❝♦♥❞ ✈✐r✐❛❧ ❝♦❡✣❝✐❡♥✴



❊①❝❧✉❞❡❞ ✈♦❧✉♠❡ ❍❘●

◮ ❆ s✐♠♣❧❡ ✇❛② t♦ ❛❝❝♦✉♥t ❢♦r r❡♣✉❧s✐♦♥ ❜❡t✇❡❡♥ ❜❛r②♦♥s ✐s t❤❡
❡①❝❧✉❞❡❞ ✈♦❧✉♠❡ ✈❡rs✐♦♥ ♦❢ t❤❡ ❤❛❞r♦♥ r❡s♦♥❛♥❝❡ ❣❛s✳

◮ ■♥t❡r❡st✐♥❣❧② t❤✐s ✈❡r② s✐♠♣❧❡ ❛♣♣r♦❛❝❤ ❝❛♥ ❛❝❝♦✉♥t ❢♦r t❤❡
❛❧✇❛②s ❞✐✛❡r❡♥t s✐❣♥ str✉❝t✉r❡ ♦❢ t❤❡ ❤✐❣❤❡r ✈✐r✐❛❧ ❝♦❡✣❝✐❡♥ts
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3

▼♦❞❡❧✿ ❱♦✈❝❤❡♥❦♦✱ ●♦r❡♥st❡✐♥✱ ❙t♦❡❝❦❡r



❙✉♠♠❛r②

◮ ❚❤❡ ✐♠❛❣✐♥❛r② µ ❋♦✉r✐❡r ❝♦❡✣❝✐❡♥ts ❛r❡ ♥✐❝❡ q✉❛♥t✐t✐❡s t♦
❦♥♦✇ ✐❢ ②♦✉ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ ❤❛❞r♦♥ ❝❤❡♠✐str②

◮ ■♠µ❙ ❛❧❧♦✇ ❢♦r ❛ ❝❧❡❛r s❡♣❛r❛t✐♦♥ ♦❢ t❤❡ str❛♥❣❡♥❡ss s❡❝t♦rs
❙ = ✶,✷,✸

◮ ■♠µ❙ s✐♠✉❧❛t✐♦♥s ✐♥ t❤❡ ❝♦♥✜♥❡❞ ♣❤❛s❡ s✉❣❣❡st ♠✐ss✐♥❣
r❡s♦♥❛♥❝❡s ✐♥ ❛❧❧ str❛♥❣❡ s❡❝t♦rs✱ ❡✈❡♥ t❤❡ ♠❡s♦♥s✱ ❜✉t ♥♦t ✐♥
t❤❡ ♥♦♥✲str❛♥❣❡ s❡❝t♦rs

◮ ■♠µ❇ s✐♠✉❧❛t✐♦♥s ❝❛♥ s❡♣❛r❛t❡ t❤❡ ❞✐✛❡r❡♥t ❜❛r②♦♥ ♥✉♠❜❡r
s❡❝t♦rs

◮ ❙✐❣♥ str✉❝t✉r❡ ♦❢ t❤❡ ❜❛r②♦♥ s❡❝t♦rs ♠✐❣❤t ❜❡ ❡①♣❧❛✐♥❡❞ ❜②
r❡♣✉❧s✐✈❡ ✐♥t❡r❛❝t✐♦♥s

◮ ◆♦ ❛♥❛❧②t✐❝❛❧ ❝♦♥t✐♥✉❛t✐♦♥ ✐s ✐♥✈♦❧✈❡❞ ✐♥ ❛♥② ♦❢ ♠② ❝♦♥❝❧✉s✐♦♥s✳
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❙✲♠❛tr✐① ❢♦r♠❛❧✐s♠ ❢♦r t❤❡ ✈✐r✐❛❧ ❡①♣❛♥s✐♦♥

◮ ❚❤❡ ❞❡♥s✐t② ♦❢ st❛t❡s ✐♥ ❛ ❣✐✈❡♥ ❝❤❛♥♥❡❧✱ ❡①♣r❡ss❡❞ ✐♥ t❡r♠ ♦❢

t❤❡ ❙✲♠❛tr✐① ❚rν

(

❙−✶
←→

∂
∂❊ ❙

)



❚❤❡ ❤❛❞r♦♥ r❡s♦♥❛♥❝❡ ❣❛s✿ ❢♦r♠❛❧ ❛♣♣r♦❛❝❤

❉❛s❤❡♥✱ ❘❛❥❛r❛♠❛♥ ✶✾✼✹✿ s❝❛tt❡r✐♥❣ ♥❛rr♦✇ ✭Γ→ ✵✮ r❡s♦♥❛♥❝❡s ✰
❯♥✐t❛r✐t② → ❛❧❧ ♦❢ t❤❡ ♠❛♥② ♣❛rt✐❝❧❡ s❝❛tt❡r✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s ✐♥ t❤❡
♣r❡✈✐♦✉s ❢♦r♠✉❧❛s ❝❛♥ ❜❡ r❡s✉♠♠❡❞✱ ❛♥❞ ❧❡❛❞ t♦ t❤❡ ❍❘●



❚❤❡ ❤❛❞r♦♥ r❡s♦♥❛♥❝❡ ❣❛s✿ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❛♣♣r♦❛❝❤

❱❡♥✉❣♦♣❛❧❛♥✱ Pr❛❦❛s❤ ✶✾✾✷✿ ❈♦♥s✐❞❡r ♦♥❧② ✷ ♣❛rt✐❝❧❡ ❡❧❛st✐❝ ♣❛rt✐❝❧❡
s❝❛tt❡r✐♥❣✱ ❛♥❞ ✉s❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❤❛s❡ s❤✐❢ts
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❖♥❧② r❡s♦♥❛♥❝❡ ❝♦♥tr✐❜✉t✐♦♥s s✉r✈✐✈❡
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❈♦♥t✐♥✉✉♠ ❢♦r t❤❡ ❜❛r②♦♥ s❡❝t♦rs❄
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