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Pr♦❜✐♥❣ t❤❡ ❉✐✛❡r❡♥t✐❛❧ ❉②♥❛♠✐❝s ♦❢

▼♦♥♦♠❡r✐❝ ❛♥❞ ❉✐♠❡r✐❝ ■♥s✉❧✐♥ ❢r♦♠ ❆♠✐❞❡✲■

■❘ ❙♣❡❝tr♦s❝♦♣②

❏❛s♠✐♥❡ ▲✳ ❉❡s♠♦♥❞✱ ❉❡❜❛s✐s❤ ❑♦♥❡r✱ ❛♥❞ ▼❛r❦✉s ▼❡✉✇❧②∗

❉❡♣❛rt♠❡♥t ♦❢ ❈❤❡♠✐str②✱ ❯♥✐✈❡rs✐t② ♦❢ ❇❛s❡❧✱ ❑❧✐♥❣❡❧❜❡r❣str❛ss❡ ✽✵✱ ✹✵✺✻ ❇❛s❡❧✱

❙✇✐t③❡r❧❛♥❞

❊✲♠❛✐❧✿ ♠✳♠❡✉✇❧②❅✉♥✐❜❛s✳❝❤

❆❜str❛❝t

❚❤❡ ♠♦♥♦♠❡r↔❞✐♠❡r ❡q✉✐❧✐❜r✐✉♠ ❢♦r ✐♥s✉❧✐♥ ✐s ♦♥❡ ♦❢ t❤❡ ❡ss❡♥t✐❛❧ st❡♣s ✐♥ ❢♦r♠✐♥❣

t❤❡ r❡❝❡♣t♦r ❜✐♥❞✐♥❣✲❝♦♠♣❡t❡♥t ♠♦♥♦♠❡r✐❝ ❢♦r♠ ♦❢ t❤❡ ❤♦r♠♦♥❡✳ ❉❡s♣✐t❡ t❤✐s ✐♠✲

♣♦rt❛♥❝❡✱ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ st❛❜✐❧✐t② ✲ ✐♥ ♣❛rt✐❝✉❧❛r ❢♦r ♠♦❞✐✜❡❞ ✐♥s✉❧✐♥s ✲ ✐s q✉✐t❡

♣♦♦r❧② ✉♥❞❡rst♦♦❞ ✐♥ ♣❛rt ❞✉❡ t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞✐✣❝✉❧t✐❡s✳ ❚❤✐s ✇♦r❦ ❡①♣❧♦r❡s ✶✲ ❛♥❞

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

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

q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✭❋❋❈❋✮ ❛♥❞ t❤❡ ✶❞✲✐♥❢r❛r❡❞ s♣❡❝tr❛ ❛r❡ ♣♦s✐t✐♦♥

s❡♥s✐t✐✈❡✳ ❚❤❡ s♣❡❝tr❛ ❢♦r t❤❡ ✲❈❖ ♣r♦❜❡s ❛t t❤❡ ❞✐♠❡r✐③❛t✐♦♥ ✐♥t❡r❢❛❝❡ ✭r❡s✐❞✉❡s P❤❡✷✹✱

P❤❡✷✺✱ ❚②r✷✻✮ s♣❧✐t ❛♥❞ ✐♥❞✐❝❛t❡ ❛♥ ❛s②♠♠❡tr② ❞❡s♣✐t❡ t❤❡ ♦✈❡r❛❧❧ ✭❢♦r♠❛❧✮ ♣♦✐♥t s②♠✲

♠❡tr② ♦❢ t❤❡ ❞✐♠❡r str✉❝t✉r❡✳ ❆❧s♦✱ t❤❡ ❞❡❝❛② t✐♠❡s ♦❢ t❤❡ ❋❋❈❋ ❢♦r t❤❡ s❛♠❡ ✲❈❖

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

❡①❛♠♣❧❡ ❢♦r r❡s✐❞✉❡ P❤❡❇✷✹ ✇❤✐❝❤ ✐s s♦❧✈❡♥t ❡①♣♦s❡❞ ❢♦r t❤❡ ♠♦♥♦♠❡r ❜✉t ❛t t❤❡ ✐♥t❡r✲

❢❛❝❡ ❢♦r t❤❡ ❞✐♠❡r✳ ❚❤❡ s♣❡❝tr♦s❝♦♣✐❝ s❤✐❢ts ❝♦rr❡❧❛t❡ ❛♣♣r♦①✐♠❛t❡❧② ✇✐t❤ t❤❡ ❛✈❡r❛❣❡

♥✉♠❜❡r ♦❢ ❤②❞r❛t✐♦♥ ✇❛t❡rs ❛♥❞ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❋❋❈❋ ❛t t✐♠❡ ③❡r♦✳ ❍♦✇❡✈❡r✱
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t❤✐s ❝♦rr❡❧❛t✐♦♥ ✐s ♦♥❧② q✉❛❧✐t❛t✐✈❡ ❞✉❡ t♦ t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❛♥❞ ❤✐❣❤❧② ❞②♥❛♠✐❝❛❧ ❡♥✲

✈✐r♦♥♠❡♥t✳ ❇❛s❡❞ ♦♥ ❞❡♥s✐t② ❢✉♥❝t✐♦♥❛❧ t❤❡♦r② ❝❛❧❝✉❧❛t✐♦♥s t❤❡ ❞♦♠✐♥❛♥t ❝♦♥tr✐❜✉t✐♦♥

❢♦r s♦❧✈❡♥t✲❡①♣♦s❡❞ ✲❈❖ ✐s ❢♦✉♥❞ t♦ ❛r✐s❡ ❢r♦♠ t❤❡ s✉rr♦✉♥❞✐♥❣ ✇❛t❡r ✭∼ 75 ✪✮ ✇❤❡r❡❛s

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

s♣❡❝tr♦s❝♦♣② ✐s ❛ ♣♦s✐t✐♦♥❛❧❧② s❡♥s✐t✐✈❡ ♣r♦❜❡ ♦❢ ✐♥s✉❧✐♥ ❞✐♠❡r✐③❛t✐♦♥✱ ✐♥ ♣❛rt✐❝✉❧❛r ✐♥

❝♦♥❥✉♥❝t✐♦♥ ✇✐t❤ ✐s♦t♦♣✐❝ ❧❛❜❡❧✐♥❣ ♦❢ t❤❡ ♣r♦❜❡✳

✶ ■♥tr♦❞✉❝t✐♦♥

■♥s✉❧✐♥ ✐s ❛ s♠❛❧❧✱ ❛❣❣r❡❣❛t✐♥❣ ♣r♦t❡✐♥ ✇✐t❤ ❛♥ ❡ss❡♥t✐❛❧ r♦❧❡ ✐♥ r❡❣✉❧❛t✐♥❣ ❣❧✉❝♦s❡ ✉♣t❛❦❡

✐♥ ❝❡❧❧s✳ ❚❤❡ ❲❚ ❤♦r♠♦♥❡ ❝r②st❛❧❧✐③❡s ❛s ❛ ❤❡①❛♠❡r ❝♦♥s✐st✐♥❣ ♦❢ t❤r❡❡ ❞✐♠❡rs ✇✐t❤ ❡✐t❤❡r

t✇♦ ♦r ❢♦✉r ❩♥ ❛t♦♠s ❜♦✉♥❞ t♦ ✐t✳✶ ❚❤❡ ❞✐♠❡r ❝♦♥s✐sts ♦❢ t✇♦ ♠♦♥♦♠❡rs ✭❝❤❛✐♥s ❆ ❛♥❞

❇ ✇✐t❤ ✷✶ ❛♥❞ ✸✵ ❛♠✐♥♦ ❛❝✐❞s✱ r❡s♣❡❝t✐✈❡❧②✮✱ ❝♦♥♥❡❝t❡❞ ❜② t✇♦ ✐♥t❡r✲❝❤❛✐♥ ✭❈②sA7✕❈②sB7✱

❈②s A20✕❈②sB19✮ ❛♥❞ ♦♥❡ ✐♥tr❛✲❝❤❛✐♥ ✭❈②sA6✕❈②sA11✮ ❞✐s✉❧✜❞❡ ❜♦♥❞s✳ ❯♥❞❡r ♣❤②s✐♦❧♦❣✐❝❛❧

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

❜② ❤②❞r♦❣❡♥ ❜♦♥❞s ❜❡t✇❡❡♥ r❡s✐❞✉❡s ❇✷✹✕❇✷✻ ♦❢ ♦♥❡ ♠♦♥♦♠❡r ❛♥❞ ❇✷✻✕❇✷✹ ♦❢ t❤❡ s❡❝✲

♦♥❞ ♠♦♥♦♠❡r✳✶✕✺ ❍♦✇❡✈❡r✱ t❤❡ ❢✉♥❝t✐♦♥❛❧❧② r❡❧❡✈❛♥t st❛t❡ ✐s t❤❡ ♠♦♥♦♠❡r ✇❤✐❝❤ ❝❛♥ ❜✐♥❞ t♦

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

❍♦✇❡✈❡r✱ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r ❞✐♠❡r✐③❛t✐♦♥ ❢r❡❡ ❡♥❡r❣✐❡s ♦❢ ✐♥s✉❧✐♥ ❛♥❛❧♦❣✉❡s ✐s s❝❛r❝❡ ❞✉❡

t♦ s❡✈❡r❛❧ ❝❤❛❧❧❡♥❣❡s✳ ❚❤❡ ♠❡❛s✉r❡❞ ❞✐♠❡r✐③❛t✐♦♥ ❡♥❡r❣② ❢♦r ❲❚ ✐♥s✉❧✐♥ ✐s −7.2 ❦❝❛❧✴♠♦❧ ✐♥

❢❛✈♦✉r ♦❢ t❤❡ ❞✐♠❡r✳✻ ❆♣❛rt ❢r♦♠ t❤✐s✱ ✐t ✇❛s ❢♦✉♥❞ t❤❛t t❤❡ ●❧②B24 ♠✉t❛♥t ❞♦❡s ♥♦t ❞✐♠❡r✐③❡

✐♥ ❛q✉❡♦✉s s♦❧✉t✐♦♥ ❛t ♣❍ ✶✳✾✳✼ ❆❧❛♥✐♥❡ s❝❛♥♥✐♥❣ ♦❢ t❤❡ ❞✐♠❡r✐③❛t✐♦♥ ✐♥t❡r❢❛❝❡ s❤♦✇❡❞ t❤❛t

t❤❡ ❆❧❛B24 ❛♥❛❧♦❣✉❡ ✐s ♠♦♥♦♠❡r✐❝ ❛♥❞ ❞♦❡s ♥♦t r❡❛❞✐❧② ❛❣❣r❡❣❛t❡✳✽✱✾ ❋✉rt❤❡r♠♦r❡✱ ✐s♦t❤❡r✲

♠❛❧ t✐tr❛t✐♦♥ ❝❛❧♦r✐♠❡tr② ✭■❚❈✮ ♠❡❛s✉r❡♠❡♥ts ♦❢ ◆✲♠❡t❤②❧❛t❡❞ ✐♥s✉❧✐♥ ❞✐♠❡r ❛♥❛❧♦❣✉❡s ❛t

♣♦s✐t✐♦♥s ❇✷✹✱ ❇✷✺✱ ❛♥❞ ❇✷✻✶✵✱✶✶ r❡✈❡❛❧❡❞ ❝♦♥s✐❞❡r❛❜❧② r❡❞✉❝❡❞ ✭❜② ❛ ❢❛❝t♦r ♦❢ ✺✮ ❞✐♠❡r✐③❛✲

t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s ❝♦♠♣❛r❡❞ ✇✐t❤ ❤✉♠❛♥ ✐♥s✉❧✐♥✳ ❆❧s♦✱ ✉s✐♥❣ ❝♦♠♣✉t❛t✐♦♥s t❤❡ ❞✐♠❡r✐③❛t✐♦♥

❢r❡❡ ❡♥❡r❣✐❡s ❢♦r t❤❡ ❲❚ ❞✐♠❡r✹✱✶✷ ❛♥❞✱ ♠♦r❡ r❡❝❡♥t❧②✱ ❢♦r s❡✈❡r❛❧ ♠✉t❛♥ts ❛t ♣♦s✐t✐♦♥ ❇✷✹

✷

Page 2 of 39

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



✇❡r❡ ❞❡t❡r♠✐♥❡❞✳✶✸

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

✐♥s✉❧✐♥ ❤❡①❛♠❡r ❛♥❞ ❞✐♠❡r ❝r②st❛❧ str✉❝t✉r❡s✱ ❛s ✇❡❧❧ ❛s ❢r♦♠ st✉❞✐❡s ♦❢ t❤❡ str✉❝t✉r❡✲

❛❝t✐✈✐t② ❝♦rr❡❧❛t✐♦♥s ♦❢ ❝❤❡♠✐❝❛❧❧② ♠♦❞✐✜❡❞ ❛♥❞✴♦r ♥❛t✉r❛❧❧② ♦❝❝✉rr✐♥❣ ♠✉t❛♥t ✐♥s✉❧✐♥s ✐♥

s♦❧✉t✐♦♥✳✼✱✶✹✕✷✶ ▼✉t❛❣❡♥❡s✐s ♦❢ t❤❡ ❞✐♠❡r✲❢♦r♠✐♥❣ s✉r❢❛❝❡ ♦❢ ✐♥s✉❧✐♥ ❝❛♥ ②✐❡❧❞ ❛♥❛❧♦❣✉❡s ✇✐t❤

❛ r❡❞✉❝❡❞ t❡♥❞❡♥❝② t♦ ❛❣❣r❡❣❛t❡ ❛♥❞ ♣r♦♥♦✉♥❝❡❞ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ♣❤❛r♠❛❝♦❦✐♥❡t✐❝ ♣r♦♣❡r✲

t✐❡s ✇✐t❤ ♣♦t❡♥t✐❛❧❧② ♣r♦♠✐s✐♥❣ t❤❡r❛♣❡✉t✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳✶✹✱✷✷ ❚②♣✐❝❛❧ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s

❢♦r q✉❛♥t✐t❛t✐✈❡ st✉❞✐❡s ♦❢ ✐♥s✉❧✐♥ ❞✐♠❡r✐③❛t✐♦♥ ❛r❡ ■❚❈✸ ♦r ◆▼❘ s♣❡❝tr♦s❝♦♣②✳ ■❚❈ r❡q✉✐r❡s

r❡❧❛t✐✈❡❧② ❤✐❣❤ ♣r♦t❡✐♥ ❝♦♥❝❡♥tr❛t✐♦♥s✱ ✇❤✐❧❡ ◆▼❘ s♣❡❝tr♦s❝♦♣② ❝❛♥ ❜❡ ✭t♦♦✮ s❧♦✇ ❢♦r s✉❝❤

♣✉r♣♦s❡s✳ ❇❛s❡❞ ♦♥ tr❛♥s✐t✐♦♥ st❛t❡ t❤❡♦r② ❛ ❢r❡❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ♦❢ −7.2 ❦❝❛❧✴♠♦❧ ❜❡t✇❡❡♥

t❤❡ ❲❚ ❞✐♠❡r ❛♥❞ t✇♦ s❡♣❛r❛t❡ ♠♦♥♦♠❡rs ❝♦rr❡s♣♦♥❞s t♦ ❛ s✉❜✲µs t✐♠❡ s❝❛❧❡✳ ❙❡✈❡r❛❧ ◆▼❘

st✉❞✐❡s ♦❢ ❛❝t✐✈❡ ♠♦♥♦♠❡r✐❝ ✐♥s✉❧✐♥ ♠✉t❛♥ts s❤♦✇ ❛ r❡❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ ❈✲t❡r♠✐♥❛❧ ❡♥❞ ♦❢

❝❤❛✐♥ ❇✳✼✱✷✵ ❆ ❝♦♠❜✐♥❡❞ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ❛♥❞ ♠✐❝r♦s❝♦♣② st✉❞② ♦❢ ✐♥s✉❧✐♥ ✐♥ ❞✐✛❡r❡♥t

❛❣❣r❡❣❛t✐♦♥ st❛t❡s ✭♠♦♥♦♠❡r✱ ❞✐♠❡r✱ ❤❡①❛♠❡r ❛♥❞ ✜❜r✐❧✮ s❤♦✇s t❤❛t ❞✐♠❡r✐③❛t✐♦♥ ❞❛♠♣s

✢✉❝t✉❛t✐♦♥s ❛t ❛♥ ✐♥t❡r♠♦❧❡❝✉❧❛r β✲s❤❡❡t✳✷✸ ▼♦r❡ r❡❝❡♥t❧②✱ ✈✐❜r❛t✐♦♥❛❧ s♣❡❝tr♦s❝♦♣② ❤❛s ❛❧s♦

❜❡❡♥ ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ✐♥s✉❧✐♥ ❞✐♠❡r✷✹ ❛♥❞ ✐s♦t♦♣✐❝❛❧❧② ❧❛❜❡❧❧❡❞ ✐♥s✉❧✐♥s✳✷✺

❊❛r❧✐❡r ❡①♣❡r✐♠❡♥ts ♦♥ ♠♦❞❡❧ ♣❡♣t✐❞❡s ✐♥ s♦❧✉t✐♦♥ ✭✇❛t❡r✮✱ s✉❝❤ ❛s t❤❡ ❜❧♦❝❦❡❞ ❛❧❛♥✐♥❡ tr✐♠❡r

✭❆❧❛✮3 ❛❧r❡❛❞② ❢♦✉♥❞ t❤❛t t❤❡ t✇♦ ❛♠✐❞❡✲■ ❜❛♥❞s ❛♣♣❡❛r ❛t ♣♦s✐t✐♦♥s ✷✺ ❝♠−1 ❛♣❛rt✳✷✻ ❙✐♠✐❧❛r

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

❛❜s♦r❜ ❛t ♠❛①✐♠✉♠ ❢r❡q✉❡♥❝✐❡s ✹✵ ❝♠−1 t♦ ✺✵ ❝♠−1 ❛♣❛rt ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t✐♠❡ ❞❡❧❛② ✐♥

t❤❡ ✷✲❞✐♠❡♥s✐♦♥❛❧ ✐♥❢r❛r❡❞ ❡①♣❡r✐♠❡♥ts✳✷✼ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t ❜② ✐♥❝r❡❛s✐♥❣ t❤❡

♥✉♠❜❡r ♦❢ r❡♣♦rt❡rs✱ ❡✳❣✳ ✐♥ ❛ ♣r♦t❡✐♥ ✇✐t❤ ♦♥❡ ❛♠✐❞❡✲■ ♣r♦❜❡ ♣❡r ❛♠✐♥♦ ❛❝✐❞✱ t❤❡ ✲❈❖

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

❡♥✈✐r♦♥♠❡♥ts t❤❛t ❛r❡ ♣r♦❜❡❞ ❞✉r✐♥❣ t❤❡ ❞②♥❛♠✐❝s✳
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●✐✈❡♥ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♠♣♦rt❛♥❝❡ ♦❢ ✐♥s✉❧✐♥ ❞✐♠❡r✐③❛t✐♦♥ ✐t ✐s ❞❡s✐r❛❜❧❡ t♦ ❞❡✈❡❧♦♣ ♠❡t❤♦❞✲

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

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

s♣❡❝tr♦s❝♦♣② ✭■❘✮ ❤❛s ❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ❡♥✈✐r♦♥♠❡♥t s♣❡❝✐✜❝✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❈❍✲str❡t❝❤

✐♥ ❍❈❖+ ✐s ❦♥♦✇♥ t♦ s❤✐❢t ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ s✉rr♦✉♥❞✐♥❣ ❛r❣♦♥ ❛t♦♠s✳✷✽ ■♥

❆r✕❍❈❖+ t❤❡ r❡❞ s❤✐❢t ✐s ✕✷✼✹ ❝♠−1 ✇❤❡r❡❛s ❢♦r ❡❛❝❤ ❛❞❞✐t✐♦♥❛❧ ❆r ❛t♦♠ ❛♥ ✐♥❝r❡♠❡♥t❛❧

❜❧✉❡ s❤✐❢t ❜② ∼ 10 ❝♠−1 ✐s ♦❜s❡r✈❡❞✳ ❋♦r t❤❡ ✜rst ❝♦♠♣❧❡t❡ s♦❧✈❛t✐♦♥ s♣❤❡r❡✱ ❝♦♥t❛✐♥✐♥❣ ✶✷

❆r❣♦♥ ❛t♦♠s✱ t❤❡ r❡❞ s❤✐❢t r❡❧❛t✐✈❡ t♦ t❤❡ ❣❛s ♣❤❛s❡ r❡❞✉❝❡s t♦ ✕✶✺✺ ❝♠−1✳ ❍❡♥❝❡ ✈✐❜r❛t✐♦♥❛❧

s♣❡❝tr♦s❝♦♣② ✐s ❛ s❡♥s✐t✐✈❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ♣r♦❜❡ ♦❢ ❛ s♣❡❝tr♦s❝♦♣✐❝ r❡♣♦rt❡r✳

❋✐❣✉r❡ ✶✿ ❙tr✉❝t✉r❡ ♦❢ ✐♥s✉❧✐♥ ❞✐♠❡r ✭P❉❇ ❈♦❞❡✿ ✹■◆❙✮ ❝♦♥s✐st✐♥❣ ♦❢ ♠♦♥♦♠❡r ■ ❛♥❞ ■■✱ ❡❛❝❤
✇✐t❤ ❝❤❛✐♥s ❆ ❛♥❞ ❇✳ ❙♦♠❡ ✲❈❖ ♣r♦❜❡s ❛r❡ ❡①♣❧✐❝✐t❧② r❡♣r❡s❡♥t❡❞ ❛s ✈❛♥ ❞❡r ❲❛❛❧s s♣❤❡r❡s
❛♥❞ ❧❛❜❡❧❧❡❞✳

❇❡❝❛✉s❡ t❤❡ ♠♦♥♦♠❡r↔❞✐♠❡r ❡q✉✐❧✐❜r✐✉♠ ✐s ♦♥❡ ♦❢ t❤❡ ❡ss❡♥t✐❛❧ st❡♣s ✐♥ ❢♦r♠✐♥❣ t❤❡ r❡✲

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

q✉❛♥t✐t❛t✐✈❡❧② ❜② ❡①♣❡r✐♠❡♥ts✱ ▼❉ s✐♠✉❧❛t✐♦♥s ❛r❡ ❛♥ ❛ttr❛❝t✐✈❡ ❛❧t❡r♥❛t✐✈❡ t♦ ❝❤❛r❛❝t❡r✐③❡
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t❤❡ st❛❜✐❧✐t② ♦❢ ✐♥s✉❧✐♥ ❞✐♠❡rs✳ ■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ t❤❡ ❛♠✐❞❡✲■ ✈✐❜r❛t✐♦♥ ❢♦r ♠♦♥♦♠❡r✐❝

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

t❤❡ ❛✐♠ t♦ q✉❛♥t✐❢② t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ s♣❡❝tr♦s❝♦♣② ❛♥❞ ❞②♥❛♠✐❝s ♦❢ t❤❡ t✇♦ ❛❣❣r❡❣❛t✐♦♥

st❛t❡s✳ ❍♦✇❡✈❡r✱ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥ ♦❢ ❛❜s♦❧✉t❡ ❢r❡q✉❡♥❝✐❡s ❢♦r ✐♥s✉❧✐♥ ✐♥ s♦❧✉t✐♦♥ ✐s ❞✐✣❝✉❧t

❜❡❝❛✉s❡ t②♣✐❝❛❧ s♣❡❝tr♦s❝♦♣✐❝ ✐♥✈❡st✐❣❛t✐♦♥s ❛r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ s♦❧✉t✐♦♥s ✇✐t❤ ✉♣ t♦ ✷✵ ✪

❡t❤❛♥♦❧✱ ❍❈❧ ❛♥❞ ◆❛❈❧ ❛♥❞ ❛ ♣r♦♥♦✉♥❝❡❞ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♦❜s❡r✈❛❜❧❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡

❛♠♦✉♥t ♦❢ ❝♦s♦❧✈❡♥t ❤❛s ❜❡❡♥ r❡♣♦rt❡❞✳✷✹ ❯♥❞❡r s✉❝❤ ❝✐r❝✉♠st❛♥❝❡s ✐t ❛♣♣❡❛rs t♦ ❜❡ ♠♦r❡

♠❡❛♥✐♥❣❢✉❧ t♦ r❡♣♦rt ❢r❡q✉❡♥❝② s❤✐❢ts r❡❧❛t✐✈❡ t♦ ❛ r❡❢❡r❡♥❝❡ ❢r❡q✉❡♥❝②✳ ❚❤✐s ✐s ❞✐✛❡r❡♥t✱ ❡✳❣✳✱

❢♦r ✭❆❧❛✮3 ❢♦r ✇❤✐❝❤ ❡①♣❡r✐♠❡♥ts ✐♥ ♣✉r❡ ✇❛t❡r ❤❛✈❡ ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t✷✾ ❛♥❞ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥

✐s ♣♦ss✐❜❧❡ ✭s❡❡ ❜❡❧♦✇✮✳

❚❤❡ ❢r❡q✉❡♥❝② tr❛❥❡❝t♦r② ♦❢ ❛ ❧♦❝❛❧ r❡♣♦rt❡r ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞ ✐♥ ❞✐✛❡r❡♥t ✇❛②s✳ ❖♥❡ ♦❢ t❤❡♠

✉s❡s s♦✲❝❛❧❧❡❞ ♣❛r❛♠❡tr✐③❡❞ ✏❢r❡q✉❡♥❝② ♠❛♣s✑✱ ♣✐♦♥❡❡r❡❞ ❜② ❙❦✐♥♥❡r ❛♥❞ ❝♦✇♦r❦❡rs✱ ✇❤✐❝❤

❛r❡ ♣r❡❝♦♠♣✉t❡❞ ❢♦r ❛ ❣✐✈❡♥ r❡♣♦rt❡r ❢r♦♠ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❛❜ ✐♥✐t✐♦ ❝❛❧❝✉❧❛t✐♦♥s✳✸✵✱✸✶ ❙✉❝❤

♠❛♣s ❛r❡ ✈❡r② ❝♦♥✈❡♥✐❡♥t ❛♥❞✱ ♦♥❝❡ ♣❛r❛♠❡tr✐③❡❞✱ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❛❞✈❛♥t❛❣❡♦✉s✳ ▼✉❝❤

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

❛♥❞ ♣r♦t❡✐♥s ✐♥ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ❛♠✐❞❡✲■ ❜❛♥❞✳✸✵✱✸✷ ❚♦ ❞❡✈❡❧♦♣ s✉❝❤ ❛ ♠❛♣✱ s♥❛♣s❤♦ts ❢r♦♠

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

str✉❝t✉r❡ ♠❡t❤♦❞s ✭❡✳❣✳ ❇✸▲❨P✴✻✲✸✶✶✰✰●✯✯✮✸✶ ❜② str❡t❝❤✐♥❣ ❛♥❞ ❝♦♠♣r❡ss✐♥❣ t❤❡ ❜♦♥❞

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

tr❛♥s✐t✐♦♥s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❜② s♦❧✈✐♥❣ t❤❡ ✶✲❞✐♠❡♥s✐♦♥❛❧ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥✳ ❆t t❤❡ s❛♠❡

t✐♠❡✱ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛t t❤❡ ✇❛t❡r ❤②❞r♦❣❡♥ ❛t♦♠ ✭❢♦r ✇❛t❡r✲❖❍ ♠❛♣s✮✸✶ ✐s

❞❡t❡r♠✐♥❡❞ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ ✜❡❧❞ str❡♥❣t❤ ❛r❡ tr❡❛t❡❞ ❛s ❛ s❡t✳ ❚❤❡ ❡♥s✉✐♥❣✱ ❡♠♣✐r✐✲

❝❛❧ ❝♦rr❡❧❛t✐♦♥ ✐s t❤❡♥ ✜t t♦ ❛ ♣❛r❛♠❡tr✐❝ ❢✉♥❝t✐♦♥ ✇❤✐❝❤ ❛❧❧♦✇s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡①♣❡❝t❡❞

❢r❡q✉❡♥❝② ♦❢ t❤❡ ♣❛r❛♠❡tr✐③❡❞ ♦s❝✐❧❧❛t♦r ❢r♦♠ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❡❧❡❝tr✐❝

✜❡❧❞ ❛❧♦♥❡✳

✺
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❲❤✐❧❡ ❝♦♥✈❡♥✐❡♥t✱ s✉❝❤ ❛ tr❡❛t♠❡♥t ❛❧s♦ ✐♥tr♦❞✉❝❡s ❛♣♣r♦①✐♠❛t✐♦♥s✳ ❚❤❡ ❢r❡q✉❡♥❝② s❤✐❢t ❢♦r

❣✐✈❡♥ ✜❡❧❞ str❡♥❣t❤ ❤❛s t②♣✐❝❛❧❧② ❛ ✜♥✐t❡ ✇✐❞t❤ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉♣ t♦ ✺✵ ❝♠−1 ❢♦r ❖❍✳✸✶ ❍❡♥❝❡✱

s✉❝❤ ❛ ♠❛♣ ❝❛♥ ❜❡ r❡❣❛r❞❡❞ ❛s ❛ ✏♠❡❛♥ ✜❡❧❞ ❛♣♣r♦①✐♠❛t✐♦♥✑ ❛s t❤❡ ✢✉❝t✉❛t✐♦♥s ❛r❡ ✉s✉❛❧❧②

❞✐sr❡❣❛r❞❡❞✳ ❖❢t❡♥✱ t❤❡ ✜❡❧❞ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❧✐♥❡❛r ❛❧♦♥❣ t❤❡ ♣r♦❜❡✱ ❛❧t❤♦✉❣❤ ❡①❝❡♣t✐♦♥s

❡①✐st✳✸✸ ❆s t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞s ♦♥ ♠♦❧❡❝✉❧❛r ❧❡♥❣t❤ s❝❛❧❡s ❝❛♥ ❜❡ str♦♥❣✱ ❝♦rr❡❝t✐♦♥s ❞✉❡ t♦ t❤❡

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

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

✐♥ t❤❡ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ ♦❢t❡♥ q✉✐t❡ s♠❛❧❧ ✭❡✳❣✳ ✹ ➴ ✇✐t❤✐♥ t❤❡ ♣r♦❜❡ ✇✐t❤

✐♠♣❧✐❝✐t ✐♥❝❧✉s✐♦♥ ♦❢ ❛❞❞✐t✐♦♥❛❧ ✇❛t❡rs ✉♣ t♦ ✽ ➴✮✸✶ ♦✉t ♦❢ ♥❡❝❡ss✐t② t♦ ❦❡❡♣ t❤❡ ❡❧❡❝tr♦♥✐❝

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

❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞ ❧✐♥❡ ♣♦s✐t✐♦♥s ❜✉t t❤❡ ✜♥❛❧ ♠♦❞❡❧s ❛r❡ tr❛♥s❢❡r❛❜❧❡ t♦ s♦♠❡ ❞❡✲

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

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

❛♥❛❧②s✐s ♦❢ t❤❡ s♥❛♣s❤♦ts ✐s ❝❛rr✐❡❞ ♦✉t ❛t ❛ ❞✐✛❡r❡♥t ❧❡✈❡❧ ♦❢ t❤❡♦r②✳ ❚❤✉s✱ t❤❡r❡ ✐s ❛ ❝♦♥✲

❝❡♣t✉❛❧ ❞✐✣❝✉❧t② ✐♥ t❤❛t t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝♦♥❢♦r♠❛t✐♦♥s ❢r♦♠ t❤❡ ▼❉ s✐♠✉❧❛t✐♦♥s ✐s ♥♦t

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

❛t t❤❡ ❉❋❚ ♦r ❡✈❡♥ ▼P✷ ❧❡✈❡❧ ♦❢ t❤❡♦r② ✇❤✐❝❤ ✐s t❤❡ ❧❡✈❡❧ ❛t ✇❤✐❝❤ t❤❡ ♠❛♣s ❛r❡ ❞❡t❡r♠✐♥❡❞✳

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

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

✐♥ t❤❡ ♣❛st ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ♠✉❧t✐♣♦❧❛r ❢♦r❝❡ ✜❡❧❞s ❛♥❞ ❛♣♣❧✐❡❞ t♦ s②st❡♠s s✉❝❤ ❛s ❤②❞r❛t❡❞

❈◆−✱✸✹ t❤❡ ✲❈❖ ♣r♦❜❡ ✐♥ ◆✲♠❡t❤②❧ ❛❝❡t❛♠✐❞❡✱✸✺ ♦r ◆−
3 ✐♥ t❤❡ ❣❛s ♣❤❛s❡ ❛♥❞ ✐♥ s♦❧✉t✐♦♥✳✸✻

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

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

s❡♥t❛t✐♦♥ ❢♦r t❤❡ ❡❧❡❝tr♦st❛t✐❝s ❛r♦✉♥❞ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ ♣r♦❜❡ ❛♥❞ ❛♥ ❛♥❤❛r♠♦♥✐❝ ✭▼♦rs❡✮

♦r ❡✈❡♥ s✉♣❡r✐♦r r❡♣r♦❞✉❝✐♥❣ ❦❡r♥❡❧ P❊❙✸✻✕✸✽ ❢♦r t❤❡ ❜♦♥❞❡❞ t❡r♠s ✭str❡t❝❤ ❛♥❞ ❜❡♥❞✮✳ ❖♥

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

✻
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❝❛❧❝✉❧❛t✐♦♥ ♦r ❢r♦♠ s♦❧✈✐♥❣ t❤❡ ✶❞ ♦r ✸❞ ♥✉❝❧❡❛r ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥✳✸✹✱✸✻ ❋♦r t❤❡ ❧❛tt❡r

❛♣♣r♦❛❝❤✱ t❤❡ P❊❙ ✐s s❝❛♥♥❡❞ ❛❧♦♥❣ ❛❧❧ r❡❧❡✈❛♥t ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✱ s✐♠✐❧❛r t♦ t❤❡ ♠❛♣ ❛♣✲

♣r♦❛❝❤✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ s♦❧✈✐♥❣ t❤❡ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥✱ ❝❤♦♦s✐♥❣ t❤❡ r❡❞✉❝❡❞ ♠❛ss ✐s ♥♦t

♦❜✈✐♦✉s✱ ✐♥ ♣❛rt✐❝✉❧❛r ❢♦r ❝♦✈❛❧❡♥t❧② ❜♦✉♥❞ ♣r♦❜❡s✳

❋♦r ❈◆− ✐♥ s♦❧✉t✐♦♥✱ ❞❡❝❛② t✐♠❡s ♦❢ t❤❡ ❋❋❈❋ ❛♥❞ t❤❡ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ❛r❡ ✐♥

q✉❛♥t✐t❛t✐✈❡ ❛❣r❡❡♠❡♥t ✇✐t❤ ❡①♣❡r✐♠❡♥t ✉s✐♥❣ s✉❝❤ ❛♥ ❛♣♣r♦❛❝❤✳✸✹ ❙✐♠✐❧❛r❧②✱ ❢♦r ◆▼❆ ✐♥ s♦✲

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

t❤❡ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ✐s ✉♥❞❡r❡st✐♠❛t❡❞ ✭✶✹ ❝♠−1 ❝♦♠♣❛r❡❞ ✇✐t❤ ✷✾ ❝♠−1✮✳✸✺ ❆s ❛

❝♦♠♣❛r✐s♦♥✱ ❛ ♠♦r❡ r❡❝❡♥t st✉❞② ♦❢ t❤❡ ❞②♥❛♠✐❝s ♦❢ ◆▼❆❉ ✐♥ ❉2❖ ❜❛s❡❞ ♦♥ ❛ ♣❛r❛♠❡tr✐③❡❞

❉❋❚ ♠❛♣ ✜♥❞s ❛ ❋❲❍▼ ♦❢ ✹✸ ❝♠−1 ✇❤✐❝❤ ♦✈❡r❡st✐♠❛t❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞

✈❛❧✉❡✳✸✾ ❈♦♥✈❡rs❡❧②✱ ❛ ♠♦r❡ ❡❧❛❜♦r❛t❡ ♣r♦❝❡❞✉r❡ ✇❤✐❝❤ ✜ts✸✷ t❤❡ ♠❛♣ t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛

✐♥ ❞✐✛❡r❡♥t s♦❧✈❡♥ts ②✐❡❧❞s ❛ ❋❲❍▼ ♦❢ ✸✹ ❝♠−1✳

❖✈❡r❛❧❧✱ ❜♦t❤ ❛♣♣r♦❛❝❤❡s ✭✏♠❛♣✑ ❛♥❞ ✏s❝❛♥✑✮ ♠❛❦❡ t❤❡✐r ♦✇♥ ❛♣♣r♦①✐♠❛t✐♦♥s ❛♥❞ ♥❡✐t❤❡r

♦❢ t❤❡♠ ✐s str✐❝t❧② ✏❡①❛❝t✑✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ✉s❡ ✐♥st❛♥t❛♥❡♦✉s ♥♦r♠❛❧ ♠♦❞❡s ❛♥❞ t❤❡

❡①♣❧✐❝✐t s♦❧✉t✐♦♥ ♦❢ t❤❡ ♥✉❝❧❡❛r ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ t♦ ❢♦❧❧♦✇ t❤❡ ❢r❡q✉❡♥❝② tr❛❥❡❝t♦r② ♦❢

t❤❡ ♦s❝✐❧❧❛t♦r ✐♥ t❤❡ ✜❡❧❞ ♦❢ ✐ts ❡♥✈✐r♦♥♠❡♥t✳

❚❤✐s ❛rt✐❝❧❡ ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✷ ✐♥tr♦❞✉❝❡s t❤❡ ♠❡t❤♦❞s✳ ■♥ ❙❡❝t✐♦♥ ✸ ✜rst r❡✲

s✉❧ts ♦♥ t❤❡ s♣❡❝tr♦s❝♦♣② ♦❢ ❤②❞r❛t❡❞ ◆✲▼❡t❤②❧✲❆❝❡t❛♠✐❞❡ ✭◆▼❆✮ ✐♥ s♦❧✉t✐♦♥ ❛r❡ r❡♣♦rt❡❞✳

❚❤✐s ✐s ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❞✐s❝✉ss✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥s ❛♥❞ ❧✐♥❡✲

s❤❛♣❡s ♦❢ ✲❈❖ ✐♥ ♠♦♥♦♠❡r✐❝ ❛♥❞ ❞✐♠❡r✐❝ ✐♥s✉❧✐♥ ✐♥ s♦❧✉t✐♦♥✳ ❋✐♥❛❧❧②✱ ❝♦♥❝❧✉s✐♦♥s ❛r❡ ❞r❛✇♥

✐♥ ❙❡❝t✐♦♥ ✹✳
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✷ ▼❡t❤♦❞s

✷✳✶ ▼♦❧❡❝✉❧❛r ❉②♥❛♠✐❝s ❙✐♠✉❧❛t✐♦♥s

❆❧❧ ♠♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s ✭▼❉✮ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ t❤❡ ❈❍❆❘▼▼ ▼❉ s✐♠✲

✉❧❛t✐♦♥ ♣❛❝❦❛❣❡✱✹✵ ✇✐t❤ t❤❡ ❈❍❆❘▼▼✷✷ ❢♦r❝❡✲✜❡❧❞✳✹✶ ❚❤❡ ❳✲r❛② ❝r②st❛❧ str✉❝t✉r❡ ♦❢ t❤❡

✐♥s✉❧✐♥ ❞✐♠❡r ✭P❉❇ ❝♦❞❡ ✹■◆❙✮✶ ✇❛s s♦❧✈❛t❡❞ ✐♥ ❛ ❝✉❜✐❝ ❜♦① ✭52.77 × 52.77 × 52.77 ➴3✮

♦❢ ❚■P✸P✹✷ ✇❛t❡r ♠♦❧❡❝✉❧❡s✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ t♦t❛❧ s②st❡♠ s✐③❡ ♦❢ ∼ 17500 ❛t♦♠s✳ ❋♦r

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

✭52.77× 52.77× 52.77 ➴3✱ t❤❡ s❛♠❡ ❜♦① s✐③❡ ❛s t❤❡ ❞✐♠❡r✮✳ ❍②❞r♦❣❡♥ ❛t♦♠s ✇❡r❡ ✐♥❝❧✉❞❡❞

✉s✐♥❣ ❈❍❆❘▼▼✳ ❚❤❡ s②st❡♠s ✇❡r❡ ♥❡✉tr❛❧✐s❡❞ ✇✐t❤ ♣♦t❛ss✐✉♠ ✐♦♥s ✭♦♥❡ ❢♦r t❤❡ ♠♦♥♦♠❡r✐❝

s②st❡♠ ❛♥❞ t✇♦ ❢♦r t❤❡ ❞✐♠❡r✮✳

❚❤❡ s②st❡♠s ✇❡r❡ ♠✐♥✐♠✐s❡❞✱ ❤❡❛t❡❞ t♦ t❤❡ r❡❧❡✈❛♥t t❡♠♣❡r❛t✉r❡ ❢♦r ✺✵ ♣s ❛♥❞ ❡q✉✐❧✐❜r❛t❡❞

❢♦r ✷✺✵ ♣s ✐♥ t❤❡ NV T ❡♥s❡♠❜❧❡✳ Pr♦❞✉❝t✐♦♥ ❞❛t❛ ✭✉♣ t♦ ✹ ♥s✮ ✇❛s ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ NPT

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

❤②❞r♦❣❡♥ ❛t♦♠s ✇❡r❡ ❝♦♥str❛✐♥❡❞ ✉s✐♥❣ ❙❍❆❑❊✳✹✸ ❆ ❱❡❧♦❝✐t② ❱❡r❧❡t ✐♥t❡❣r❛t♦r✹✹ ❛♥❞ ◆♦s❡✲

❍♦♦✈❡r t❤❡r♠♦st❛t✹✺✱✹✻ ✇❡r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ NV T s✐♠✉❧❛t✐♦♥s✳ ❋♦r t❤❡ NPT s✐♠✉❧❛t✐♦♥s

❛♥ ❆♥❞❡rs❡♥ ❛♥❞ ◆♦s❡✲❍♦♦✈❡r ❝♦♥st❛♥t ♣r❡ss✉r❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ ❛❧❣♦r✐t❤♠ ✇❛s ✉s❡❞✹✻✕✹✽

t♦❣❡t❤❡r ✇✐t❤ ❛ ❧❡❛♣❢r♦❣ ✐♥t❡❣r❛t♦r✳✹✾ ◆♦♥✲❜♦♥❞❡❞ ✐♥t❡r❛❝t✐♦♥s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❛ s✇✐t❝❤✐♥❣

❢✉♥❝t✐♦♥ ❜❡t✇❡❡♥ ✶✵ ➴ ❛♥❞ ✶✹ ➴✳✺✵ ❚❤❡ P❛rt✐❝❧❡ ▼❡s❤ ❊✇❛❧❞ ✭P▼❊✮ ♠❡t❤♦❞ ✇❛s ✉s❡❞ ❢♦r

t❤❡ ❡❧❡❝tr♦st❛t✐❝ ✐♥t❡r❛❝t✐♦♥s✳✺✶

❚✇♦ s✐♠✉❧❛t✐♦♥s ♦❢ ◆✲♠❡t❤②❧ ❛❝❡t❛♠✐❞❡ ✭◆▼❆✮ ✲ ❢❡❛t✉r✐♥❣ ❛♥ ❛♠✐❞❡ ❜♦♥❞ ✇✐t❤ ✭✶✮ ♥❛t✉r❛❧

12❈16❖ ✐s♦t♦♣❡s ❛♥❞ ✭✷✮ ❤❡❛✈② 13❈18❖ ✐s♦t♦♣❡s ✲ ✇❡r❡ ❝❛rr✐❡❞ ♦✉t t♦ ✈❛❧✐❞❛t❡ t❤❡ ❝♦♠♣✉t❛✲

t✐♦♥❛❧ ♣r♦❝❡❞✉r❡s✳ ■♥ t❤❡s❡ s✐♠✉❧❛t✐♦♥s t❤❡ ❡♥t✐r❡ ◆▼❆ ♠♦❧❡❝✉❧❡ ✇❛s tr❡❛t❡❞ ✇✐t❤ ♠✉❧t✐✲

♣♦❧❡s✳✸✺✱✺✷✕✺✹ ❋♦r t❤❡ ❜♦♥❞❡❞ t❡r♠s t❤❡ ♣❛r❛♠❡t❡rs ✇❡r❡ t❤♦s❡ ♦❢ t❤❡ ❈❍❆❘▼▼✷✷ ❢♦r❝❡ ✜❡❧❞

❡①❝❡♣t ❢♦r t❤❡ ✲❈❖ str❡t❝❤ ❢♦r ✇❤✐❝❤ ❛ ▼♦rs❡ ♣♦t❡♥t✐❛❧ V (r) = De(1− exp(−β(r− re)))
2 ✇❛s

✽
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✉s❡❞✳ ❚❤❡ ♣❛r❛♠❡t❡rs ❛r❡ De = 120.47 ❦❝❛❧✴♠♦❧✱ β = 2.174 ➴−1 ❛♥❞ r0 = 1.294 ➴ ✇❤✐❝❤

r❡♣r♦❞✉❝❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❣❛s ♣❤❛s❡ ❈❂❖ str❡t❝❤ ❢r❡q✉❡♥❝② ♦❢ ✶✼✸✶ ❝♠−1✳✸✺✱✺✺

✷✳✷ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ✶❉ ✐♥❢r❛r❡❞ s♣❡❝tr❛

❚❤❡ ❛♥❤❛r♠♦♥✐❝ ❢r❡q✉❡♥❝✐❡s ✇❡r❡ ❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡ t✐♠❡✲♦r❞❡r❡❞ s♥❛♣s❤♦ts ❡①tr❛❝t❡❞ ❢r♦♠

t❤❡ ▼❉ s✐♠✉❧❛t✐♦♥ ❡✈❡r② ✺ ❢s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ✶✲❞✐♠❡♥s✐♦♥❛❧ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② ❝✉r✈❡s

✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❛❧♦♥❣ t❤❡ ✲❈❖ ❜♦♥❞ ❢♦r ❡❛❝❤ s♥❛♣s❤♦t ❜② ❢r❡❡③✐♥❣ ❛❧❧ ♦t❤❡r ❛t♦♠s ♦❢ t❤❡

s②st❡♠✳ ❚❤❡ ❛♥❤❛r♠♦♥✐❝ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s ✭v = 0 → 1✮ ✇❡r❡ t❤❡♥ ❝❛❧❝✉❧❛t❡❞ ❜② s♦❧✈✐♥❣

t❤❡ ✶❉ t✐♠❡✲✐♥❞❡♣❡♥❞❡♥t ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ ✉s✐♥❣ t❤❡ ▲❊❱❊▲✺✻ ♣r♦❣r❛♠ t♦ ♦❜t❛✐♥ t❤❡

❢r❡q✉❡♥❝② tr❛❥❡❝t♦r②✳ ❋♦❧❧♦✇✐♥❣ t❤✐s✱ t❤❡ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥✱ C(t) =

〈δω(0)δω(t)〉✱ ✇❛s ❝❛❧❝✉❧❛t❡❞✳ ❍❡r❡✱ δω(t) = ω(t) − 〈ω(t)〉✱ ✇❤❡r❡ 〈ω(t)〉 ✐s t❤❡ ❡♥s❡♠❜❧❡

❛✈❡r❛❣❡✳ ❚❤❡ ❧✐♥❡s❤❛♣❡ ❢✉♥❝t✐♦♥ g(t) ✐s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ ❋❋❈❋ ✇✐t❤✐♥ t❤❡ ❝✉♠✉❧❛♥t

❛♣♣r♦①✐♠❛t✐♦♥ ❛s✱✺✼

g(t) =

∫ t

0

∫ τ
′

0

〈δω(τ
′′

)δω(0)〉dτ
′′

dτ
′

. ✭✶✮

❉❡♣❡♥❞✐♥❣ ♦♥ ❤♦✇ C(t) ✐s r❡♣r❡s❡♥t❡❞✱ t❤❡ ✐♥t❡❣r❛❧ ✐♥ ❊q✳ ✶ ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ❛♥❛❧②t✐❝❛❧❧②✳

❚✇♦ ♣❛r❛♠❡tr✐③❛t✐♦♥s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤✐s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s❤❛♣❡ ♦❢ C(t)✿ ❡✐t❤❡r ❛

s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❡①♣♦♥❡♥t✐❛❧❧② ❞❡❝❛②✐♥❣ ❢✉♥❝t✐♦♥s✺✽

C(t) =
2∑

i=1

aie
−t/τi +∆0, ✭✷✮

♦r ♦♥❡ ✐♥❝❧✉❞✐♥❣ ❛ r❡❝✉rr❡♥❝❡ t❡r♠✺✾

C(t) = a1 cos(γt)e
−t/τ1 +

3∑
i=2

aie
−t/τi +∆0 ✭✸✮

✇❤❡r❡ t❤❡ ai ❛r❡ ❛♠♣❧✐t✉❞❡s✱ t❤❡ τi t❤❡ ❞❡❝❛② ❝♦♥st❛♥ts ❛♥❞ ∆0 ❛ ❝♦♥st❛♥t ❢♦r ❝❛s❡s ✐♥ ✇❤✐❝❤

C(t) ❞♦❡s ♥♦t ❞❡❝❛② t♦ ③❡r♦ ❢♦r t❤❡ ❝♦rr❡❧❛t✐♦♥ t✐♠❡s ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ❞❡❝❛② t✐♠❡s τi ♦❢ t❤❡

✾
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❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ r❡✢❡❝t t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ t✐♠❡✲s❝❛❧❡s ♦❢ t❤❡ s♦❧✈❡♥t

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

❋✐♥❛❧❧②✱ t❤❡ ✶❉ ■❘ s♣❡❝tr❛ ✐s ❝❛❧❝✉❧❛t❡❞ ❛s

I(ω) = 2ℜ

∫ ∞

0

ei(ω−〈ω〉)te−g(t)e
− tα

2T1 , ✭✹✮

✇❤❡r❡ 〈ω〉 ✐s t❤❡ ❛✈❡r❛❣❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❞✐str✐❜✉t✐♦♥✱ T1 = 0.45 ♣s

✐s t❤❡ ✈✐❜r❛t✐♦♥❛❧ r❡❧❛①❛t✐♦♥ t✐♠❡ ❛♥❞ α = 0.5 ✐s ❛ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❢❛❝t♦r t♦ ❛❝❝♦✉♥t ❢♦r

❧✐❢❡t✐♠❡ ❜r♦❛❞❡♥✐♥❣✳✺✼

❚❤❡ ❝✉rr❡♥t ❛♥❛❧②s✐s ♠❛❦❡s ❛ ❢❡✇ ❛ss✉♠♣t✐♦♥s ✐♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❋❋❈❋ ❛♥❞ t❤❡ ✶❉ ■❘ s♣❡❝✲

tr❛✳ ❯s✐♥❣ t❤❡ ❝✉♠✉❧❛♥t ❛♣♣r♦①✐♠❛t✐♦♥ ✇❛s t❤♦r♦✉❣❤❧② t❡st❡❞ ✇✐t❤✐♥ t❤❡ ♣r❡s❡♥t ❢r❛♠❡✇♦r❦

❢♦r ❈◆− ✐♥ s♦❧✉t✐♦♥ ❢♦r ✇❤✐❝❤ t❤❡ ❧✐♥❡s❤❛♣❡s ❢r♦♠ ❛♥❛❧②s✐s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤❡ ❝✉♠✉❧❛♥t

❛♣♣r♦①✐♠❛t✐♦♥ ❞✐✛❡r ❜② ❧❡ss t❤❛♥ ✶✵ ✪✳ ❙✐♥❝❡ ❈◆− ✐♥ s♦❧✉t✐♦♥ ✐s ♠♦r❡ str♦♥❣❧② ❛✛❡❝t❡❞

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

t❤✐s ❡✛❡❝t ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ s♠❛❧❧❡r ✐♥ t❤❡ ♣r❡s❡♥t ❝❛s❡✳ ❋✉rt❤❡r♠♦r❡✱ ♣r❡✈✐♦✉s ✇♦r❦ ❤❛s

❢♦✉♥❞ t❤❛t ♥♦♥✲❈♦♥❞♦♥ ❡✛❡❝ts ❢♦r ❛♠✐❞❡✲■ ✈✐❜r❛t✐♦♥s ❛r❡ s♠❛❧❧✳✸✾✱✻✵

✸ ❘❡s✉❧ts ❛♥❞ ❉✐s❝✉ss✐♦♥

✸✳✶ ◆▼❆ ✭◆✲▼❡t❤②❧❛❝❡t❛♠✐❞❡✮ ✐♥ ❲❛t❡r

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

✭◆▼❆✮ ✐♥ ✇❛t❡r ❢♦r t❤❡ ♥❛t✉r❛❧ ✭❈12❖16✮ ❛♥❞ t❤❡ ❤❡❛✈② ✭13❈18❖✮ ✐s♦t♦♣❡s ✐♥ t❤❡ ❛♠✐❞❡

❜♦♥❞ ✇❡r❡ ❝❛rr✐❡❞ ♦✉t✳ ◆▼❆ ✐s ❛ s✉✐t❛❜❧❡ ♠♦❞❡❧ ❢♦r t❤❡ ♣❡♣t✐❞❡ ❧✐♥❦❛❣❡s ♦❢ t❤❡ ♣r♦t❡✐♥

❜❛❝❦❜♦♥❡ ❛♥❞ t❤❡r❡❢♦r❡ ❛ ♠❡❛♥✐♥❣❢✉❧ ♣r♦①②✳ Pr❡✈✐♦✉s ❡①♣❡r✐♠❡♥t❛❧ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡

❈❖ ❛❜s♦r♣t✐♦♥ ❜❛♥❞ ♦❢ ◆▼❆ ✐♥ t❤❡ ❣❛s ♣❤❛s❡ ❢♦✉♥❞ ❛❜s♦r♣t✐♦♥s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✼✷✸ ❝♠−1

✶✵
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t♦ ✶✼✸✶ ❝♠−1 ✭❛✈❡r❛❣❡ ♦❢ ∼ 1725 ❝♠−1✮✺✺✱✻✶✱✻✷ ✇❤✐❝❤ s❤✐❢ts t♦ t❤❡ r❡❞ ✭✶✻✶✼ ❝♠−1 t♦ ✶✻✷✺

❝♠−1✮✻✷✕✻✹ ❢♦r ◆▼❆ ✐♥ s♦❧✉t✐♦♥✳ ❍❡♥❝❡✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜s❡r✈❡❞ r❡❞ s❤✐❢t ❜❡t✇❡❡♥ ❣❛s✲

❛♥❞ ❝♦♥❞❡♥s❡❞✲♣❤❛s❡ ✐s ∼ 100 ❝♠−1✳ Pr❡✈✐♦✉s s✐♠✉❧❛t✐♦♥s ✐♥ ✇❤✐❝❤ ◆▼❆ ✇❛s ❦❡♣t ❢r♦③❡♥ ✐♥

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

❡♥❡r❣② ❢♦r ❡❛❝❤ s♥❛♣s❤♦t ❛❧♦♥❣ t❤❡ ❛♠✐❞❡✲■ ♥♦r♠❛❧ ♠♦❞❡ ❢♦✉♥❞ ❛ r❡❞ s❤✐❢t ♦❢ ✶✾ ❝♠−1✳✸✺

■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ t❤❡ ❝❤r♦♠♦♣❤♦r❡s ❛r❡ ❢✉❧❧② ✢❡①✐❜❧❡ ❛♥❞ ❢r❡q✉❡♥❝✐❡s ✇❡r❡ ❞❡t❡r♠✐♥❡❞

❡✐t❤❡r ❢r♦♠ ❛♥ ✐♥st❛♥t❛♥❡♦✉s ♥♦r♠❛❧ ♠♦❞❡ ✭■◆▼✮ ❛♥❛❧②s✐s ✭❢♦r ◆▼❆✮ ♦r ❢r♦♠ s♦❧✈✐♥❣ t❤❡

✶✲❞✐♠❡♥s✐♦♥❛❧ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ ✭❢♦r ◆▼❆ ❛♥❞ t❤❡ ✲❈❖ ♣r♦❜❡s ✐♥ ✐♥s✉❧✐♥ ♠♦♥♦♠❡r ❛♥❞

❞✐♠❡r✮ ❢♦r t❤❡ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② s❝❛♥♥❡❞ ❛❧♦♥❣ t❤❡ ✲❈❖ ❧♦❝❛❧ ♠♦❞❡✳ ■♥ ◆▼❆✱ t❤❡r❡ ❛r❡ t✇♦

♥♦r♠❛❧ ♠♦❞❡s ✇✐t❤ ❧❛r❣❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ ✲❈❖ str❡t❝❤❀ ♦♥❡ ❛t ✶✺✾✷ ❝♠−1 ✭s❡❡ ❋✐❣✉r❡

✷❇✮ ❛♥❞ t❤❡ s❡❝♦♥❞ ♦♥❡ ❛t ✶✽✵✶ ❝♠−1 ✭❋✐❣✉r❡ ❙✶✮✳ ❆❧t❤♦✉❣❤ t❤❡ s❡❝♦♥❞ ♠♦❞❡ ✐s ❝❧♦s❡r ✐♥

❢r❡q✉❡♥❝② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜s❡r✈❡❞ ❜❛♥❞✱✺✺ t❤❡ ✜rst ♠♦❞❡ ✇❛s ❢♦❧❧♦✇❡❞ ❛s ✐ts ✲❈❖ ❧♦❝❛❧

♠♦❞❡ ❝❤❛r❛❝t❡r ✇❛s ❧❛r❣❡r ✇❤❡♥ ❛♥❛❧②③✐♥❣ t❤❡ ♥♦r♠❛❧ ♠♦❞❡s ♦❢ ◆▼❆ ✐♥ s♦❧✉t✐♦♥✳ ❍♦✇❡✈❡r✱

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

✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ t❤❡ r❡s✉❧ts ❛r❡ ♥♦t ❡①♣❡❝t❡❞ t♦ ❞❡♣❡♥❞ ♦♥ t❤✐s ❝❤♦✐❝❡ ✇❤❡♥ ✉s✐♥❣ t❤❡

✐♥st❛♥t❛♥❡♦✉s ♥♦r♠❛❧ ♠♦❞❡ ❛♥❛❧②s✐s✳

❚❤❡ ♣♦✇❡r s♣❡❝tr✉♠ ❢♦r ◆▼❆ ✐♥ t❤❡ ❣❛s ♣❤❛s❡ ✐s r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✷❆✳ ❋♦r t❤❡ ♥❛t✉r❛❧

✐s♦t♦♣❡ ✭❣r❡❡♥✮ t❤❡ ♠❛①✐♠✉♠ ♣❡❛❦ ❢r❡q✉❡♥❝② ✐s ❛t ✶✼✷✹ ❝♠−1✱ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ❡①✲

♣❡r✐♠❡♥t✱ ✇❤✐❝❤ s❤✐❢ts t♦ ✶✻✾✽ ❝♠−1 ❢♦r s✐♠✉❧❛t✐♦♥s ✐♥ ✇❛t❡r ✭❜❧❛❝❦✮ ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ ❛

s♦❧✈❡♥t✲✐♥❞✉❝❡❞ r❡❞ s❤✐❢t ♦❢ ✕✷✻ ❝♠−1✳ ❚❤❡ ✐s♦t♦♣❡ s❤✐❢t ✭r❡❞✮ ❢♦r s✐♠✉❧❛t✐♦♥s ✐♥ s♦❧✉t✐♦♥ ✐s

✻✺ ❝♠−1✱ ❝♦♠♣❛r❡❞ ✇✐t❤ ✻✵ ❝♠−1 ❢r♦♠ ❡①♣❡r✐♠❡♥t✳✻✺ ❚❤❡ ❛❜s♦❧✉t❡ r❡❞ s❤✐❢t ✐♥ ❣♦✐♥❣ ❢r♦♠

t❤❡ ❣❛s ♣❤❛s❡ ✐♥t♦ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❛♠✐❞❡✲■ ✈✐❜r❛t✐♦♥ ❜❡t✇❡❡♥ ❝♦♠♣✉t❛t✐♦♥s ✭∼ 30 ❝♠−1✮

❛♥❞ ❡①♣❡r✐♠❡♥t ✭∼ 100 ❝♠−1✮ ❞✐✛❡rs ❜② ❛❜♦✉t ✼✵ ❝♠−1✳ ❚❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡

❢❛❝t t❤❛t ✐♥ t❤❡ ♣r❡s❡♥t s✐♠✉❧❛t✐♦♥s t❤❡ ✲❈❖ str❡t❝❤ ♣♦t❡♥t✐❛❧ ❢♦r s✐♠✉❧❛t✐♦♥s ✐♥ t❤❡ ❣❛s✲ ❛♥❞

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

✶✶
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❋✐❣✉r❡ ✷✿ P♦✇❡r s♣❡❝tr❛ ❛♥❞ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥s ✭❋❋❈❋s✮ ❢♦r ◆▼❆✳
P❛♥❡❧ ❆✿ ♣♦✇❡r s♣❡❝tr❛ ❢♦r 12❈16❖ ✭❣r❡❡♥✱ ✐♥ ❣❛s ♣❤❛s❡✱ νmax = 1723 ❝♠−1✮✱ 12❈16❖ ✭❜❧❛❝❦✱ ✐♥
s♦❧✉t✐♦♥✱ νmax = 1700 ❝♠−1✮ ❛♥❞ 13❈18❖ ✭r❡❞✱ νmax = 1635 ❝♠−1✮✳ P❛♥❡❧ ❇✿ ❋❋❈❋ ❢r♦♠ ■◆▼
❛♥❛❧②s✐s ❢♦r 12❈16❖✳ ❚❤❡ ✐♥s❡ts r❡♣♦rt t❤❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❢r❡q✉❡♥❝② tr❛❥❡❝t♦r②
ω(t)✳ P❛♥❡❧ ❈✿ ❋❋❈❋ ✇✐t❤ ❢r❡q✉❡♥❝✐❡s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ▲❊❱❊▲ ❢♦r 12❈16❖ t♦❣❡t❤❡r ✇✐t❤ t❤❡
❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② tr❛❥❡❝t♦r②✳ ❚❤❡ ♣❛r❛♠❡t❡rs ✉s❡❞ ❢♦r t❤❡ ✜ts ❛r❡
❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✶✳ ■♥ ♣❛♥❡❧s ❇ ❛♥❞ ❈ t❤❡ r❡❞ ❧✐♥❡s ❛r❡ t❤❡ r❛✇ ❞❛t❛ ❛♥❞ t❤❡ ❜❧✉❡ ❧✐♥❡s ❛r❡ t❤❡
✜t✳ ✶✷
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❡♥t ❡❧❡❝tr♦st❛t✐❝ ✐♥t❡r❛❝t✐♦♥s ✐♥ t❤❡ t✇♦ ❡♥✈✐r♦♥♠❡♥ts✳ ■t ✐s✱ ❤♦✇❡✈❡r✱ ❡①♣❡❝t❡❞ t❤❛t t❤❡ ✲❈❖

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

❜❡ ❝❛♣t✉r❡❞ ❜② t❤❡ ♣❛r❛♠❡tr✐③❛t✐♦♥✳ ❆s ❛♥ ✐❧❧✉str❛t✐♦♥✱ ❝❤❛♥❣✐♥❣ t❤❡ r❡♣✉❧s✐✈❡ ♣❛r❛♠❡t❡r

β ✐♥ t❤❡ ▼♦rs❡ ♣♦t❡♥t✐❛❧ ❢r♦♠ ✷✳✶✼✹ ➴−1 ❜② ∼ 0.12 ➴−1 t♦ ✷✳✵✺✵ ➴−1 s❤✐❢ts t❤❡ ♠❛①✐✲

♠✉♠ ♦❢ t❤❡ ♣♦✇❡r s♣❡❝tr✉♠ ✐♥ s♦❧✉t✐♦♥ ❜② ✕✼✵ ❝♠−1✱ t♦ t❤❡ ✈❛❧✉❡ ❦♥♦✇♥ ❢r♦♠ ❡①♣❡r✐♠❡♥t✳

▲✐❦❡✇✐s❡✱ ❝❤❛♥❣✐♥❣ t❤❡ ✈❛♥ ❞❡r ❲❛❛❧s r❛❞✐✐ ♦❢ t❤❡ ❝❛r❜♦♥ ❛♥❞ ♦①②❣❡♥ ❛t♦♠s ❜② ✺ ✪ s❤✐❢ts

t❤❡ ❛❜s♦r♣t✐♦♥ ❢r❡q✉❡♥❝② ❜② ±15 ❝♠−1✳ ◆❡✈❡rt❤❡❧❡ss✱ ❜❡❝❛✉s❡ ✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ r❡❧❛t✐✈❡

❢r❡q✉❡♥❝② s❤✐❢ts ✐♥ t❤❡ s❛♠❡ ❡♥✈✐r♦♥♠❡♥t ✭✇❛t❡r✮ ❛r❡ ♦❢ ✐♥t❡r❡st t❤✐s ✇❛s ♥♦t ♣✉rs✉❡❞ ❢✉rt❤❡r✳

❈♦♠♣✉t✐♥❣ ❢r❡q✉❡♥❝✐❡s ❢r♦♠ ■◆▼ ♦r ❢r♦♠ s❝❛♥♥✐♥❣ t❤❡ ❈❖✲♣♦t❡♥t✐❛❧ ✐♥ t❤❡ s♦❧✈❡♥t ❡♥✈✐✲

r♦♥♠❡♥t ❛♥❞ s♦❧✈✐♥❣ t❤❡ ✶✲❞✐♠❡♥s✐♦♥❛❧ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ ♣r♦✈✐❞❡s ❛❧t❡r♥❛t✐✈❡ ✇❛②s t♦

❝♦♥str✉❝t t❤❡ ❢r❡q✉❡♥❝② tr❛❥❡❝t♦r② ω(t) ❢r♦♠ ✇❤✐❝❤ t❤❡ ❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥

❢✉♥❝t✐♦♥ ✭❋❋❈❋✮ ✐s ❞❡t❡r♠✐♥❡❞✳ ❇♦t❤ ♠❡t❤♦❞s ♠❛❦❡ s♦♠❡✇❤❛t ❞✐✛❡r❡♥t ❛♣♣r♦①✐♠❛t✐♦♥s✳

❲❤❡♥ ✉s✐♥❣ ✐♥st❛♥t❛♥❡♦✉s ♥♦r♠❛❧ ♠♦❞❡s✱ t❤❡ ❤❛r♠♦♥✐❝ ❛♣♣r♦①✐♠❛t✐♦♥ ✐s ❛ss✉♠❡❞ ❛♥❞ t❤❡

♠♦t✐♦♥s ❛r❡ ♥♦t ♥❡❝❡ss❛r✐❧② ❧♦❝❛❧✱ ✐✳❡✳ ❛ ♣❛rt✐❝✉❧❛r ♥♦r♠❛❧ ♠♦❞❡ ✇✐❧❧ ❝♦♥t❛✐♥ ❈❖ str❡t❝❤

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

st❛t✐♦♥❛r② st❛t❡s ❜② s❝❛♥♥✐♥❣ t❤❡ ❈❖✲♣♦t❡♥t✐❛❧ ❛ss✉♠❡s ❛ ❧♦❝❛❧ ♠♦❞❡ ❛♥❞ r❡q✉✐r❡s ♦♥❡ t♦

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

❛t✐✈❡ ❜❧✉❡✲ ❛♥❞ r❡❞✲s❤✐❢ts ✉♥❝❤❛♥❣❡❞✳ ❚♦ ❢✉rt❤❡r t❡st t❤✐s✱ t❤❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ✇❛s

❛♥❛❧②③❡❞ ❢r♦♠ s♦❧✈✐♥❣ t❤❡ ✶✲❞✐♠❡♥s✐♦♥❛❧ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ ❢♦r 105 s♥❛♣s❤♦ts ❜② s❝❛♥♥✐♥❣

t❤❡ ♣♦t❡♥t✐❛❧ ❛❧♦♥❣ t❤❡ ❛♠✐❞❡✲■ ♥♦r♠❛❧ ♠♦❞❡✳ ❚❤❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ✭s❡❡ ❋✐❣✉r❡ ❙✷✮

♣❡❛❦s ❛t ✶✻✹✺ ❝♠−1 ✇❤✐❝❤ ✐s s❤✐❢t❡❞ ❜② ✷✵ ❝♠−1 t♦ t❤❡ ❜❧✉❡ ❝♦♠♣❛r❡❞ ✇✐t❤ ❡①♣❡r✐♠❡♥t ❛t

✶✻✷✺ ❝♠−1✳

❚❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ P (ω) ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ■◆▼ ❢♦r ◆▼❆ ✐♥ ✇❛t❡r

✭❋✐❣✉r❡ ✷❇✮ ✐s ❛t ✶✺✾✹ ❝♠−1✳ ❋♦r t❤❡ ❢r❡q✉❡♥❝② tr❛❥❡❝t♦r② ❢r♦♠ s♦❧✈✐♥❣ t❤❡ ✶❉ ❙❝❤rö❞✐♥❣❡r

❡q✉❛t✐♦♥ ✭❋✐❣✉r❡ ✷❈✮ t❤❡ ♠❛①✐♠✉♠ ✐s ❢♦✉♥❞ ❛t ✶✺✽✻ ❝♠−1✳ ■♥ t❤❡s❡ ❝❛❧❝✉❧❛t✐♦♥s t❤❡ r❡❞✉❝❡❞
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❚❛❜❧❡ ✶✿ ❋✐tt✐♥❣ ♣❛r❛♠❡t❡rs ❢r♦♠ ❡①♣♦♥❡♥t✐❛❧ ✜ts ♦❢ t❤❡ ❋❋❈❋s ❢♦r 12❈16❖ ❛♥❞ 13❈18❖ ✐♥
◆▼❆✳ ❆♠♣❧✐t✉❞❡s ai ❛♥❞ ♦✛s❡t ∆0 ❛r❡ r❡♣♦rt❡❞ ✐♥ ❝♠−2✱ τi ❛r❡ ✐♥ ♣s ❛♥❞ γ ✐♥ ♣s−1✳ ❚❤❡
s❤♦rt t✐♠❡ s❝❛❧❡ ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥ts ✐♥ ❘❡❢✳✷✾ ✭✺✵ t♦ ✶✵✵ ❢s✮ ✇❛s ❡st✐♠❛t❡❞✳ ■♥ ❘❡❢✳✸✺ ♦♥❧②
❛ s✉♠ ♦❢ t❤r❡❡ ❡①♣♦♥❡♥t✐❛❧s ✇❛s ✉s❡❞ t♦ ✜t t❤❡ ❋❋❈❋✳

a1 τ1 γ a2 τ2 a3 τ3 ∆0

♣s−2 ♣s ♣s−1 ♣s−2 ♣s ♣s−2 ♣s ♣s−2

■◆▼✸✺ ✸✳✽✾ ✵✳✵✼ ✕ ✶✳✵✹ ✵✳✹✷ ✶✳✵✶ ✶✳✵✼ ✕
♠♦❞❡ ✸✸ ✭■◆▼✮ ✽✳✸✽ ✵✳✵✸ ✸✷✳✹✶ ✵✳✺✽ ✵✳✶✽ ✵✳✼✾ ✶✳✸✹ ✵✳✶✾
12❈16❖ ✭✶❞✲❙❊✮ ✸✳✼✾ ✵✳✵✹ ✷✾✳✸✽ ✵✳✼✼ ✵✳✷✹ ✵✳✷✷ ✶✳✵✹ ✵✳✵✶
❊①♣✳✷✾ ✭✵✳✵✺ ✲ ✵✳✶✮ ✶✳✻
❊①♣✳✻✻ ✵✳✵✶ ✶✳✵

♠❛ss ✇❛s t❤❛t ♦❢ ❡✐t❤❡r 12❈16❖ ♦r 13❈18❖✳ ❋♦r t❤❡ ♣♦✇❡r s♣❡❝tr❛ ✭❋✐❣✉r❡ ✷❆✮ t❤❡ ✐s♦t♦♣❡

s❤✐❢t ✐s ✻✺ ❝♠−1 ✭❝♦♠♣❛r❡❞ ✇✐t❤ ✻✵ ❝♠−1 ❢r♦♠ ❡①♣❡r✐♠❡♥t✮✻✺ ✇❤❡r❡❛s ❢♦r t❤❡ s♣❡❝tr❛ ❢r♦♠

s♦❧✈✐♥❣ t❤❡ ✶❉ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ ✭❋✐❣✉r❡s ✷❈✮ ✐t ✐s ✼✹ ❝♠−1✳

❚❤❡ ❋❋❈❋ ❢♦r t❤❡ ■◆▼ ❛♥❞ q✉❛♥t✉♠ ❜♦✉♥❞ st❛t❡ ❢r❡q✉❡♥❝✐❡s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡s ✷❇ ❛♥❞

❈✳ ❆t ✈❡r② s❤♦rt t✐♠❡ ✭τ ∼ 0.1 ♣s✮ ❛ ♠✐♥✐♠✉♠ ✐♥ t❤❡ ❋❋❈❋ ✐s ❢♦✉♥❞ ✇❤✐❝❤ ✇❛s ♥♦t ♣r❡s❡♥t

✐♥ ❡❛r❧✐❡r ✇♦r❦✸✺ ✱ ♣r♦❜❛❜❧② ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ s♦❧✉t❡ ✇❛s ❢r♦③❡♥ ❞✉r✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥s✳

❚❤✐s ❢❡❛t✉r❡ ✐s ❦♥♦✇♥ ❢r♦♠ ♣r❡✈✐♦✉s s✐♠✉❧❛t✐♦♥s✻✼ ❛♥❞ r❡❧❛t❡❞ t♦ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ✐♥t❡r❛❝✲

t✐♦♥ ❜❡t✇❡❡♥ s♦❧✈❡♥t ❛♥❞ s♦❧✉t❡✳✸✹✱✸✺✱✺✾ ❚❤❡s❡ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ❡①♣❡❝t❡❞ t♦ ❞❡❝r❡❛s❡ ✐♥ ❣♦✐♥❣

❢r♦♠ ❈◆−✱ ◆−
3 ✱ ❍2❖ t♦ t❤❡ ❛♠✐❞❡✲■ ✐♥ ◆✲♠❡t❤②❧✲❛❝❡t❛♠✐❞❡ ❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥t str❡♥❣t❤s ♦❢

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

✐♥✈❛r✐❛❜❧② ♠✉❧t✐❡①♣♦♥❡♥t✐❛❧ t✐♠❡ ❞❡❝❛②s✳ ❚❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✜ts t♦ ❊qs✳ ✷ ❛♥❞ ✸ ❛r❡

♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✶ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ ❡❛r❧✐❡r ✇♦r❦ ❛♥❞ ❡①♣❡r✐♠❡♥t✳✷✾✱✻✻ ❚❤❡ q✉❛❧✐t② ♦❢ t❤❡

✜ts ✐s ❣♦♦❞ ❛♥❞ t❤❡ t✐♠❡ ❞❡❝❛②s τ3 ❞❡r✐✈❡❞ ❢r♦♠ t❤❡♠ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥ts

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

❞✐♠❡r✳
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✸✳✷ ❋❋❈❋ ❛♥❞ ■♥❢r❛r❡❞ ❙♣❡❝tr❛ ❢♦r t❤❡ ■♥s✉❧✐♥ ▼♦♥♦♠❡r

◆❡①t✱ t❤❡ ❋❋❈❋s ❛♥❞ ✐♥❢r❛r❡❞ s♣❡❝tr❛ ♦❢ ✲❈❖ ♣r♦❜❡s ❢♦r ✐♥s✉❧✐♥ ♠♦♥♦♠❡r ✐♥ ✇❛t❡r ✇❡r❡

❞❡t❡r♠✐♥❡❞✳ ❋♦r t❤✐s✱ 2× 105 s♥❛♣s❤♦ts✱ s❡♣❛r❛t❡❞ ❜② ✺ ❢s ✇❡r❡ ❛♥❛❧②③❡❞ ❢r♦♠ t❤❡ ▼❉ s✐♠✲

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

t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❋❋❈❋s✱ ❊qs✳ ✷ ❛♥❞ ✸✳ ■♥ ❛❧❧ ❝❛s❡s t❤❡ ❋❋❈❋ ✇❛s ✜tt❡❞ ❡✐t❤❡r t♦ ❊q✳✷ ♦r

✸✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤❡t❤❡r t❤❡ ♠✐♥✐♠✉♠ ✐♥ t❤❡ ❋❋❈❋ ❛t s❤♦rt t✐♠❡ ✭τ ≤ 0.1 ♣s✮ ✇❛s ♣r❡s❡♥t

♦r ♥♦t✳

❚②♣✐❝❛❧ ❋❋❈❋s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✸❆✳ ❚❤❡ ❋❋❈❋s ❢♦r ✲❈❖ ♣r♦❜❡s ❛t ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥s

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

❢❡rs✳ ❚❤✐s ✐s ❡✈✐❞❡♥t ❢r♦♠ ❝❤❛♥❣❡s ✐♥ t❤❡ ❝✉r✈❛t✉r❡✱ t❤❡ st❛t✐❝ ❝♦♠♣♦♥❡♥ts ✭❛s ✐♥❞✐❝❛t❡❞ ❜②

t❤❡ ✈❛❧✉❡ ♦❢ C(t = 5ps)✮✱ ❛♥❞ t❤❡ ❢❛❝t t❤❛t s♦♠❡ ♦❢ t❤❡ ❋❋❈❋s ❤❛✈❡ ❛ ♠✐♥✐♠✉♠ ❛t s❤♦rt

❝♦rr❡❧❛t✐♦♥ t✐♠❡s ✇❤❡r❡❛s ♦t❤❡rs ❞♦ ♥♦t✳ ❚❤❡ ❢❛❝t t❤❛t s♦♠❡ ♦❢ t❤❡ ✲❈❖ ♣r♦❜❡s ❡①❤✐❜✐t ❛

✇❡❛❦ ♠✐♥✐♠✉♠ ✇❤❡r❡❛s ♦t❤❡rs ❞♦ ♥♦t s✉❣❣❡sts t❤❛t t❤❡ s✐♠✉❧❛t✐♦♥s ❛r❡ s❡♥s✐t✐✈❡ t♦ s✉❝❤

❞✐✛❡r❡♥t ♣r♦❜❡✴s♦❧✈❡♥t ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ❢✉rt❤❡r ❜❡❧♦✇✳

▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r t❤❡ ✲❈❖ ♣r♦❜❡s ❛t r❡s✐❞✉❡s ❆✶✾✱ ❇✻✱ ❇✷✵✱ ❛♥❞

❇✷✹ ❢♦r t❤❡ ♠♦♥♦♠❡r t♦❣❡t❤❡r ✇✐t❤ t❤❡ ✜ts t♦ t❤❡ ♣❛r❛♠❡tr✐③❡❞ r❡♣r❡s❡♥t❛t✐♦♥s ✭❊qs✳ ✷ ❛♥❞

✸✮ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✸❆✳ ❚❤❡ ✐♥✐t✐❛❧ ❛♠♣❧✐t✉❞❡ C(t = 0) r❛♥❣❡s ❢r♦♠ ✹ ♣s−2 ❢♦r ❇✻ t♦

∼ 8 ♣s−2 ❢♦r t❤❡ ♦t❤❡r t❤r❡❡ r❡s✐❞✉❡s ❝♦♥s✐❞❡r❡❞✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ❛s②♠♣t♦t✐❝ ✈❛❧✉❡ ✭❤❡r❡ t❛❦❡♥

❛t ✺ ♣s✮ ❞✐✛❡rs ❢♦r ❇✻ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ♦t❤❡r t❤r❡❡ r❡s✐❞✉❡s✳ ❋♦r ❆✶✾✱ ❇✷✵✱ ❛♥❞ ❇✷✹ t❤❡

❋❋❈❋ ❛t ❧♦♥❣❡r t✐♠❡s ❞❡❝❛②s t♦ ❛ ✈❛❧✉❡ ❝❧♦s❡ t♦ ③❡r♦ ✇❤❡r❡❛s t❤❛t ❢♦r ❇✻ r❡♠❛✐♥s ❛t ❛ ✜♥✐t❡

✈❛❧✉❡ ♦❢ ∼ 1 ♣s−2✱ s❡❡ ✐♥s❡t ♦❢ ❋✐❣✉r❡ ✸❆✳ ❋✐♥❛❧❧②✱ ❛t s❤♦rt t✐♠❡s ✭t ∼ 0.1 ♣s✮ t❤❡ ❋❋❈❋s

❢♦r ❇✻ ✭❢❛✐♥t✮ ❛♥❞ ❇✷✵ ✭♣r♦♥♦✉♥❝❡❞✱ s❡❡ ❧♦✇❡r ✐♥s❡t ❋✐❣✉r❡ ✸❆✮ ❡①❤✐❜✐t ❛ ♠✐♥✐♠✉♠✱ t❤❛t ❢♦r

❆✶✾ ❞✐s♣❧❛②s ❛ s❤♦✉❧❞❡r ✇❤❡r❡❛s t❤❛t ❢♦r ❇✷✹ ❤❛s ♥♦ ❞✐s❝❡r♥✐❜❧❡ ❢❡❛t✉r❡✳ ❆❧❧ ❋❋❈❋s ❝❧❡❛r❧②

❝♦♥t❛✐♥ ♠✉❧t✐♣❧❡ t✐♠❡ s❝❛❧❡s ❛♥❞ t❤❡ ✜ts t♦ t❤❡ ❡♠♣✐r✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥s ❛r❡ ♦❢ ❣♦♦❞ q✉❛❧✐t②✳

❖✈❡r❛❧❧✱ t❤❡ ❋❋❈❋s ❢♦r ✲❈❖ ❛t ❞✐✛❡r❡♥t ❧♦❝❛t✐♦♥s ❛❧♦♥❣ t❤❡ ♣♦❧②♣❡♣t✐❞❡ ❝❤❛✐♥ s❤♦✇ ❞✐✛❡r❡♥t✱
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❝❧❡❛r❧② ❞✐st✐♥❝t ❢❡❛t✉r❡s✳

❋✐❣✉r❡ ✸✿ ❋r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥s ✭❋❋❈❋s✮ ❢♦r ✸ s❡❧❡❝t❡❞ 12❈16❖ ♣r♦❜❡s
✭❆✶✾✱ ❇✻ ❛♥❞ ❇✷✵✮ ❛♥❞ ❢♦r 13❈18❖ ✭❇✷✹✮ ❢♦r t❤❡ ♠♦♥♦♠❡r✐❝✴❞✐♠❡r✐❝ ❢♦r♠s✳ ❙♦❧✐❞ t❤✐❝❦ ❧✐♥❡s
❢♦r ♠♦♥♦♠❡r ■✱ ❞❛s❤❡❞ t❤✐❝❦ ❧✐♥❡s ❢♦r ♠♦♥♦♠❡r ■■ ✭✐♥ t❤❡ ❞✐♠❡r✮✳ ❚❤❡ r❛✇ ❞❛t❛ ✐s s❤♦✇♥
❛s t❤✐♥ ❧✐♥❡s ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r ❛s t❤❡ ✜ts✳ ■♥s❡ts s❤♦✇ t❤❡ ❋❋❈❋ ♦✈❡r ❧♦♥❣❡r t✐♠❡s ❢♦r t❤❡
✲❈❖ ❛t ♣♦s✐t✐♦♥ ❇✻ ✭❜❧✉❡ tr❛❝❡s✮ ❛♥❞ ❢♦r t❤❡ ✜rst ✶ ♣s ✭❢♦r ❇✷✵✱ ❣r❡❡♥ tr❛❝❡ ❛♥❞ ♦♥ ❧✐♥❡❛r
y−s❝❛❧❡✮ t♦ ❤✐❣❤❧✐❣❤t t❤❡ ♠✐♥✐♠✉♠ ❛t s❤♦rt ❝♦rr❡❧❛t✐♦♥ t✐♠❡✳ ❙❡❡ ❋✐❣✉r❡ ✶ ❢♦r ❧♦❝❛t✐♦♥ ♦❢
t❤❡ ♣r♦❜❡s ✐♥ t❤❡ ♣r♦t❡✐♥✳

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

❆s ❢♦r t❤❡ ❋❋❈❋s t❤❡ ✶✲❞ ✐♥❢r❛r❡❞ ❧✐♥❡s❤❛♣❡s ❞✐✛❡r ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✲❈❖

❧❛❜❡❧✳ ❇♦t❤✱ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❛♥❞ t❤❡ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ✭❋❲❍▼✮

❛r❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ❛❧♦♥❣ t❤❡ ♣r♦t❡✐♥ ❝❤❛✐♥✱ s❡❡ ❋✐❣✉r❡ ✹❆✳ ■♥ t❤❡

❢♦❧❧♦✇✐♥❣ ❛❧❧ ✐♥❢r❛r❡❞ ❢r❡q✉❡♥❝✐❡s ❛r❡ r❡♣♦rt❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ 12❈16❖ ❢r❡q✉❡♥❝② ♦❢ ◆▼❆ ✐♥

s♦❧✉t✐♦♥ ❢r♦♠ s♦❧✈✐♥❣ t❤❡ ✶✲❞✐♠❡♥s✐♦♥❛❧ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥ ✭❛t ✶✺✽✻ ❝♠−1✮✳ ❚❤❡ ❜❛♥❞

❝❡♥t❡rs ❢♦r ❛❧❧ 12❈16❖ ✐♥ ❋✐❣✉r❡ ✹❆ ❛r❡ s❤✐❢t❡❞ t♦ t❤❡ r❡❞ ❜② ❛r♦✉♥❞ ✷✵ ❝♠−1✳ ❚❤✐s ✐s ❝♦♥✲

s✐st❡♥t ✇✐t❤ ✜♥❞✐♥❣s ❢r♦♠ ❡①♣❡r✐♠❡♥ts ♦♥ ✭❆❧❛✮3 ✐♥ ✇❛t❡r ✇❤✐❝❤ ✜♥❞ t❤❡ ✲❈❖ str❡t❝❤ ❛t
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∼ 1600 ❝♠−1✱ s❤✐❢t❡❞ s♦♠❡ ✷✺ ❝♠−1 t♦ t❤❡ r❡❞ ❢r♦♠ t❤❡ ❛❜s♦r♣t✐♦♥ ❢♦r ◆▼❆✳✷✾ ❚❤❡ s❛♠❡

♦❜s❡r✈❛t✐♦♥ ✐s ♠❛❞❡ ✇❤❡♥ s❝❛♥♥✐♥❣ ❛❧♦♥❣ t❤❡ ❛♠✐❞❡✲■ ♥♦r♠❛❧ ♠♦❞❡✱ s❡❡ ❋✐❣✉r❡ ❙✷✿ ❚❤❡

❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥s s❤✐❢t t♦ t❤❡ r❡❞ ❝♦♠♣❛r❡❞ t♦ t❤❛t ♦❢ ◆▼❆ ❜② ✶✵ t♦ ✷✵ ❝♠−1 ✭❢♦r

t❤❡ t✇♦ r❡s✐❞✉❡s ❝♦♥s✐❞❡r❡❞✮ ❜✉t t❤❡ ♦✈❡r❛❧❧ ❞✐str✐❜✉t✐♦♥ r❡♠❛✐♥s ❛❧♠♦st ✉♥❝❤❛♥❣❡❞✳ ❚❤❡

❋❲❍▼s ❢♦r t❤❡ ❧✐♥❡s❤❛♣❡s ❛t ♣♦s✐t✐♦♥s ❇✷✵ ❛♥❞ ❇✷✹ ❛r❡ ❝♦♠♣❛r❛❜❧❡ ✇❤❡r❡❛s t❤♦s❡ ❢♦r ❇✻

❛♥❞ ❆✶✾ ❛r❡ ❧❛r❣❡r✳ ❚❤❡s❡ ❛r❡ ❛❧s♦ t❤❡ r❡s✐❞✉❡s ❢♦r ✇❤✐❝❤ t❤❡ ❋❋❈❋ ❞❡❝❛②❡❞ ♠♦r❡ s❧♦✇❧② ♦r

❡✈❡♥ r❡♠❛✐♥❡❞ ❛t ❛ ✜♥✐t❡ st❛t✐❝ ✈❛❧✉❡ ❛t ❧♦♥❣❡r ❝♦rr❡❧❛t✐♦♥ t✐♠❡s✳

❋✐❣✉r❡ ✹✿ ✶❉ ■❘ ❛❜s♦r♣t✐♦♥ s♣❡❝tr❛ ❢♦r ✸ s❡❧❡❝t❡❞ 12❈16❖ ❜♦♥❞s ✭❆✶✾✱ ❇✻ ❛♥❞ ❇✷✵✮ ❛♥❞ ❢♦r
13❈18❖ ✭❇✷✹✮ ❢♦r ♠♦♥♦♠❡r✐❝ ✭♣❛♥❡❧s ❆ ❛♥❞ ❇✮ ❛♥❞ ❞✐♠❡r✐❝ ✭♣❛♥❡❧s ❈ ❛♥❞ ❉✮ ✐♥s✉❧✐♥✳ ❙❡❡
❋✐❣✉r❡ ✶ ❢♦r ❧♦❝❛t✐♦♥s ✐♥ t❤❡ ♣r♦t❡✐♥✳ ❙♦❧✐❞ ❧✐♥❡s ❢♦r ♠♦♥♦♠❡r ■ ❛♥❞ ❞❛s❤❡❞ ❧✐♥❡s ❢♦r ♠♦♥♦♠❡r
■■✳ P❛♥❡❧s ❇ ❛♥❞ ❉ r❡♣♦rt t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❛❧❧ 12❈16❖ ❧✐♥❡s❤❛♣❡s ✭r❡❞✮ ❝♦♠♣❛r❡❞ ✇✐t❤
t❤❛t ♦❢ t❤❡ s✐♥❣❧❡ 13❈18❖ ♣r♦❜❡ ✭❜❧❛❝❦✮✳
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✸✳✸ ❋❋❈❋ ❛♥❞ ■♥❢r❛r❡❞ ❙♣❡❝tr❛ ❢♦r t❤❡ ■♥s✉❧✐♥ ❉✐♠❡r

❚❤❡ str✉❝t✉r❛❧ ❞②♥❛♠✐❝s✱ ❋❋❈❋s ❛♥❞ ✶❉✲✐♥❢r❛r❡❞ ❧✐♥❡s❤❛♣❡s ✇❡r❡ ❛❧s♦ ❞❡t❡r♠✐♥❡❞ ❢♦r t❤❡

❤♦♠♦❞✐♠❡r ✉s✐♥❣ t❤❡ s❛♠❡ ✲❈❖ ♣r♦❜❡s ❛s ❢♦r t❤❡ ♠♦♥♦♠❡r✳ ❚❤✐s ♣r♦✈✐❞❡s ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t

r❡❧❛t✐✈❡ s❤✐❢ts ♦❢ t❤❡ ■❘✲❛❜s♦r♣t✐♦♥ ❛♥❞ ❝❤❛♥❣❡s ✐♥ t❤❡ ❋❲❍▼✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦

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

s②♠♠❡tr✐❝✱ ✐✳❡✳ ✇❤❡t❤❡r t❤❡ ❝r②st❛❧❧♦❣r❛♣❤✐❝ s②♠♠❡tr② ✭❈✶✮ ❛❧s♦ ❡①t❡♥❞s t♦ s②♠♠❡tr② ✐♥

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

❚❛❜❧❡ ✷✿ ❋✐tt✐♥❣ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❋❋❈❋s ❢♦r ω(t) ❢r♦♠ s♦❧✈✐♥❣ t❤❡ ✶✲❞ ❙❝❤rö❞✐♥❣❡r ❡q✉❛t✐♦♥
❢♦r 12❈16❖ ❛♥❞ 13❈18❖ ✐♥ ♠♦♥♦♠❡r✐❝ ❛♥❞ ❞✐♠❡r✐❝ ✐♥s✉❧✐♥ ❢♦r r❡s✐❞✉❡s ❇✷✹✱ ❆✶✾✱ ❇✻✱ ❇✷✵✱
❉✷✹✱ ❈✶✾✱ ❉✻✱ ❉✷✵✳ ❚❤❡ ❞❛t❛ ✐s ✜t t♦ ❊qs✳ ✷ ♦r ✸✳

a1 τ1 a2 τ2 ∆0 γ

♣s−2 ♣s ♣s−2 ♣s ♣s−2 ♣s−1

❇✷✹ ♠♦♥♦♠❡r ✻✳✼✹ ✵✳✵✷ ✵✳✻✻ ✶✳✵✶ ✵✳✶✶ ✲
❆✶✾ ♠♦♥♦♠❡r ✼✳✵✹ ✵✳✵✷ ✶✳✹✼ ✵✳✾✾ ✵✳✶✼ ✕✷✺✳✺
❇✻ ♠♦♥♦♠❡r ✷✳✹✵ ✵✳✵✸ ✵✳✾✷ ✷✳✽✷ ✵✳✺✾ ✵✳✷
❇✷✵ ♠♦♥♦♠❡r ✻✳✻✷ ✵✳✵✷ ✵✳✹✼ ✶✳✵✶ ✵✳✵✹ ✸✹✳✻
❇✷✹ ❞✐♠❡r ✶✳✼✹ ✵✳✵✺ ✵✳✷✻ ✶✳✹✵ ✵✳✹✶ ✕
❆✶✾ ❞✐♠❡r ✹✳✼✼ ✵✳✵✹ ✶✳✺✶ ✸✳✾✻ ✵✳✹✹ ✕
❇✻ ❞✐♠❡r ✷✳✵✵ ✵✳✶✵ ✵✳✸✺ ✸✳✶✺ ✵✳✵✵ ✽✳✸
❇✷✵ ❞✐♠❡r ✼✳✺✷ ✵✳✵✷ ✵✳✸✽ ✶✳✺✻ ✵✳✶✸ ✸✽✳✵
❉✷✹ ❞✐♠❡r ✸✳✺✹ ✵✳✵✻ ✶✳✹✶ ✶✶✳✵✷ ✵✳✵✺ ✕✵✳✷
❈✶✾ ❞✐♠❡r ✸✳✻✷ ✵✳✵✽ ✵✳✸✻ ✸✳✶✺ ✵✳✷✷ ✕✶✵✳✾
❉✻ ❞✐♠❡r ✷✳✹✾ ✵✳✵✻ ✵✳✾✼ ✹✳✵✾ ✵✳✶✻ ✕
❉✷✵ ❞✐♠❡r ✻✳✵✷ ✵✳✵✷ ✵✳✸✵ ✶✳✺✶ ✵✳✵✹ ✹✶✳✻

❚❤❡ r❡❧❡✈❛♥t ❋❋❈❋s ❢♦r ♠♦♥♦♠❡rs ❆ ♦r ❇ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✸❇✳ ■t ✐s ❢♦✉♥❞ t❤❛t ❛❧❧

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

t❤❡ ❧♦♥❣✲t✐♠❡ ❞❡❝❛② ✐♥❝r❡❛s❡s ✭s❡❡ ❚❛❜❧❡ ✷✮ ❢♦r ❛❧❧ ♣r♦❜❡s ❝♦♥s✐❞❡r❡❞✳ ❋♦r ❇✻ t❤❡ ♠✐♥✐♠✉♠

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

tr✉❡ ❢♦r ❇✷✵✳ ❋♦r ❆✶✾ t❤❡ ❞❡❝❛② s❧♦✇s ❞♦✇♥ ❝♦♥s✐❞❡r❛❜❧② ✐♥ t❤❡ ♠♦♥♦♠❡r ❛♥❞ ❢♦r ❇✷✹✱ ❞✐✲

r❡❝t❧② ❧♦❝❛t❡❞ ❛t t❤❡ ❞✐♠❡r✐③❛t✐♦♥ ✐♥t❡r❢❛❝❡✱ t❤❡ st❛t✐❝ ❝♦♠♣♦♥❡♥t ❛❧s♦ ✐♥❝r❡❛s❡s ❝♦♥s✐❞❡r❛❜❧②✳
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❋✐❣✉r❡ ✺✿ P❛♥❡❧ ❆✿ ❚❤❡ ■❘ s♣❡❝tr❛ ♦❢ ✐♥s✉❧✐♥ ♠♦♥♦♠❡r ✭s♦❧✐❞ ❧✐♥❡✮ ❛♥❞ ❞✐♠❡r ✭❞❛s❤❡❞ ❧✐♥❡✮
❢r♦♠ ❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❛❧❧ ✐♥❞✐✈✐❞✉❛❧ ■❘ s♣❡❝tr❛✳ ❆❧s♦✱ t✇✐❝❡ t❤❡ ■❘ s♣❡❝tr✉♠ ♦❢ t❤❡ ♠♦♥♦♠❡r
✐s s❤♦✇♥ ✭❞♦tt❡❞✮ ✇❤✐❝❤ ❞✐✛❡rs ❢r♦♠ t❤❡ ■❘ s♣❡❝tr✉♠ ♦❢ t❤❡ ❞✐♠❡r ❛♥❞ s✉❣❣❡sts ❛♥ ❛s②♠♠❡tr②
❜❡t✇❡❡♥ t❤❡ t✇♦ ♠♦♥♦♠❡rs ✐♥ t❤❡ ❞✐♠❡r✳ P❛♥❡❧ ❇✿ ❚❤❡ ❞✐✛❡r❡♥❝❡ s♣❡❝tr✉♠ ❜❡t✇❡❡♥ ❞✐♠❡r
❛♥❞ t✇✐❝❡ t❤❡ ♠♦♥♦♠❡r✳ ❇❧❛❝❦ tr❛❝❡s ❛r❡ ❢♦r ❇✷✹ ✇❤✐❝❤ ✐s ❧❛❜❡❧❧❡❞✳

❚❤❡s❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❋❋❈❋s ❛r❡ ❛❧s♦ r❡✢❡❝t❡❞ ✐♥ t❤❡ ■❘ s♣❡❝tr♦s❝♦♣②✳ ❇♦t❤✱ t❤❡ ♣♦s✐t✐♦♥

♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ♠❛①✐♠❛ ❛♥❞ t❤❡ ❋❲❍▼ ❞✐✛❡r ✐♥ ❣♦✐♥❣ ❢r♦♠ t❤❡ ♠♦♥♦♠❡r t♦ t❤❡ ❞✐♠❡r✳

❙♣❡❝✐✜❝❛❧❧②✱ ❬ωmax✱ ❋❲❍▼❪ ✭❜♦t❤ ✐♥ ❝♠−1✮ ❝❤❛♥❣❡ ❛s ❢♦❧❧♦✇s✿ ❢♦r ❆✶✾ ❬✕✷✵✱ ✶✻❪ → ❬❬✕✶✼✱

✶✻❪ ❛♥❞ ❬✕✶✷✱ ✶✻❪✱ ❢♦r ❇✻ ❬✕✶✷✱ ✶✾❪ → ❬❬✕✾✱ ✶✶❪ ❛♥❞ ❬✕✼✱ ✶✻❪❪✱ ❢♦r ❇✷✵ ❬✕✶✽✱ ✶✷❪ → ❬❬✕✶✾✱ ✶✷❪

❛♥❞ ❬✕✷✵✱ ✶✵❪❪✱ ❛♥❞ ❢♦r ❇✷✹ ❬✕✶✵✹✱ ✶✹❪ → ❬❬✕✾✺✱ ✶✸❪ ❛♥❞ ❬✕✾✹✱ ✷✸❪❪✱ s❡❡ ❋✐❣✉r❡s ✹❆ ❛♥❞ ❈✳

❚❤❡ ❛❣❣r❡❣❛t❡ s♣❡❝tr❛ ❢♦r t❤❡ t❤r❡❡ 12❈18❖ ❛♥❞ t❤❡ 13❈18❖ ♣r♦❜❡ ✭❛t ❇✷✹✮ ❢♦r t❤❡ ♠♦♥♦♠❡r

❛♥❞ t❤❡ ❞✐♠❡r ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹❈ ❛♥❞ ❉✳ ❚❤❡② ❛❧s♦ s❤♦✇ t❤❛t t❤❡ ■❘✲s♣❡❝tr♦s❝♦♣②

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

❣❛t✐♦♥ st❛t❡ ♦❢ t❤❡ ❤♦r♠♦♥❡✱ s❡❡ ❛❧s♦ ❋✐❣✉r❡ ✺✱ ✇❤✐❝❤ ❡st❛❜❧✐s❤❡s t❤❛t t❤❡ ■❘ s♣❡❝tr✉♠ ♦❢

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

■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♠❡❛s✉r❡❞ ✐♥❢r❛r❡❞ s♣❡❝tr✉♠ ♦❢ ✐♥s✉❧✐♥ ❞✐♠❡r ✜♥❞s
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t❤❡ ❛♠✐❞❡✲■ ❜❛♥❞s ❛t ❛r♦✉♥❞ ✶✻✹✵ ❝♠−1✱ ✐✳❡✳ ❜❧✉❡ s❤✐❢t❡❞ r❡❧❛t✐✈❡ t♦ t❤❛t ❢♦✉♥❞ ✐♥ ◆▼❆✳✻✽

❍♦✇❡✈❡r✱ t❤❡s❡ ❡①♣❡r✐♠❡♥ts ❛r❡ ❝❛rr✐❡❞ ♦✉t ❛t ❧♦✇ ♣❍ ✐♥❝❧✉❞✐♥❣ ❉❈❧✱ ◆❛❈❧ ❛♥❞ ✷✵ ✪ ❊t❖❉

❛s ❝♦s♦❧✈❡♥t✳ ❈♦♥✈❡rs❡❧②✱ ❢♦r ❡①♣❡r✐♠❡♥ts ✇✐t❤ ✭❆❧❛✮3 ✐♥ ✇❛t❡r t❤❡ ❛♠✐❞❡✲■ ❛❜s♦r♣t✐♦♥s s❤✐❢t

t♦ t❤❡ r❡❞ ❜② ✉♣ t♦ ✷✵ ❝♠−1✳✷✻

■♥ s✉♠♠❛r②✱ t❤❡ ❞②♥❛♠✐❝s ❛♥❞ ✐♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣② ♦❢ ✐♥❞✐✈✐❞✉❛❧ ✲❈❖ ♣r♦❜❡s ❛❧♦♥❣ t❤❡

♣♦❧②♣❡♣t✐❞❡ ❝❤❛♥❣❡s ✐s s❡♥s✐t✐✈❡ t♦ t❤❡ ❛❣❣r❡❣❛t✐♦♥ st❛t❡ ♦❢ t❤❡ ❤♦r♠♦♥❡✳ ■♥ ❛ ♥❡①t st❡♣✱

t❤❡s❡ ❝❤❛♥❣❡s ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡ ♦✈❡r❛❧❧ str✉❝t✉r❛❧ ❞②♥❛♠✐❝s ♦❢ ✐♥s✉❧✐♥

♠♦♥♦♠❡r ❛♥❞ ❞✐♠❡r✳

✸✳✹ ❙tr✉❝t✉r❛❧ ❉②♥❛♠✐❝s ❛♥❞ ❙♣❡❝tr♦s❝♦♣②

❚❤❡ ❞✐♠❡r✐③❛t✐♦♥ ✐♥t❡r❢❛❝❡ ♦❢ ✐♥s✉❧✐♥ ✐♥✈♦❧✈❡s r❡s✐❞✉❡s ❇✷✹ t♦ ❇✷✻ ✇❤✐❝❤ ❛r❡ ❧✐♥❦❡❞ t❤r♦✉❣❤

❤②❞r♦❣❡♥ ❜♦♥❞s t♦ r❡s✐❞✉❡s ❉✷✻ t♦ ❉✷✹✳ ❈♦♥s✐❞❡r✐♥❣ t❤✐s✱ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❋❋❈❋s ❛♥❞

✐♥❢r❛r❡❞ s♣❡❝tr❛ ❢♦r t❤❡ ✲❈❖ ♣r♦❜❡s ♦❢ t❤❡s❡ r❡s✐❞✉❡s ✉♣♦♥ ❞✐♠❡r✐③❛t✐♦♥ ❛r❡ ❛ ♣r✐♠❛r② t❛r❣❡t

❢♦r ❛ str✉❝t✉r❛❧ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ s♣❡❝tr♦s❝♦♣②✳ ❋♦r t❤❡ ♠♦♥♦♠❡r t❤❡ ✲❈❖ str❡t❝❤❡s ❢♦r

❇✷✺ ❛♥❞ ❇✷✻ s✉♣❡r✐♠♣♦s❡ ✭❋✐❣✉r❡ ✻❆✮ ✇❤❡r❡❛s t❤❛t ❢♦r ❇✷✹ ✐s s❤✐❢t❡❞ t♦ t❤❡ r❡❞ ❜❡❝❛✉s❡

t❤❡ ❤❡❛✈② ✐s♦t♦♣❡ ✇❛s ✉s❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥✳ ❯♣♦♥ ❞✐♠❡r✐③❛t✐♦♥ t❤✐s ❝❤❛♥❣❡s✳ ❋♦r t❤❡ ❧❛❜❡❧

❛t ❇✷✹ t❤❡ ❜❛♥❞s s❤✐❢t ❜② ✽ t♦ ✶✵ ❝♠−1 t♦ t❤❡ ❜❧✉❡ ❛♥❞ t❤❡ ❋❲❍▼ ✐♥❝r❡❛s❡ s♦♠❡✇❤❛t✱ s❡❡

❋✐❣✉r❡ ✻❇✳ ❋♦r t❤❡ ❧❛❜❡❧s ❛t ♣♦s✐t✐♦♥s ❇✷✺ ❛♥❞ ❇✷✻ ❛❧❧ ♠❛①✐♠❛ s❤✐❢t t♦ t❤❡ ❜❧✉❡ ❛♥❞ t❤❡

❧✐♥❡✇✐❞t❤s ✐♥❝r❡❛s❡✳ ❚❤❡ ❢r❡q✉❡♥❝② s❤✐❢t r❛♥❣❡s ❢r♦♠ ✺ t♦ ✷✵ ❝♠−1✱ ❝♦♥s✐st❡♥t ✇✐t❤ ✜♥❞✐♥❣s

❢♦r ✭❆❧❛✮3✳✷✻ ❆s ❢♦r ❇✷✹ t❤❡ t✇♦ s②♠♠❡tr②✲r❡❧❛t❡❞ ♣♦s✐t✐♦♥s ✐♥ t❤❡ ❳✲r❛② str✉❝t✉r❡ s♣❧✐t ❢♦r

t❤❡ str✉❝t✉r❛❧ ❞②♥❛♠✐❝s ❛♥❞ ✐♥st❡❛❞ ♦❢ ✶ ❜❛♥❞ ❛ t♦t❛❧ ♦❢ ✹ ❜❛♥❞s ❡♠❡r❣❡✳ ❚❤✉s✱ ❞✐♠❡r✐③❛✲

t✐♦♥ ❧❡❛❞s t♦ ♥♦t✐❝❡❛❜❧❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ■❘✲s♣❡❝tr♦s❝♦♣② ♦❢ t❤❡ ✲❈❖ ♣r♦❜❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡

❝❤❛♥❣❡s ♦❢ t❤❡✐r ❡♥✈✐r♦♥♠❡♥t ❛t t❤❡ ✐♥t❡r❢❛❝❡✳

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

t✉r♥ ✐♥✈♦❧✈✐♥❣ r❡s✐❞✉❡s ❇✷✵ t♦ ❇✷✸ ❜❡❝❛✉s❡ t❤❡s❡ r❡s✐❞✉❡s ❝❛♥ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❡♥❞ ♦❢ t❤❡ ❇✲
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❋✐❣✉r❡ ✻✿ ❚❤❡ ■❘ s♣❡❝tr❛ ❢♦r r❡s✐❞✉❡s ❇✷✹ t♦ ❇✷✻ ✐♥ t❤❡ ♠♦♥♦♠❡r ✭✉♣♣❡r ♣❛♥❡❧✮ ❛♥❞ ❢♦r t❤❡
t✇♦ ♠♦♥♦♠❡rs ✐♥ t❤❡ ❞✐♠❡r ✭❧♦✇❡r ♣❛♥❡❧✮ ❢♦r ✐s♦t♦♣✐❝❛❧❧② ❧❛❜❡❧❧❡❞ ❇✷✹✳
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❝❤❛✐♥ ✭r❡s✐❞✉❡s ❇✷✼ ♦♥✇❛r❞s✮✱ s❡❡ ❋✐❣✉r❡ ✶✳ ❚❤❡s❡ ■❘ s♣❡❝tr❛ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳ ❆❣❛✐♥✱

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

❇✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ■❘ s♣❡❝tr❛ ❢♦r t❤❡ s②♠♠❡tr②✲r❡❧❛t❡❞ ♣❛✐rs ✐♥ t❤❡ ❇✲ ❛♥❞ ❉✲❝❤❛✐♥s ❞♦ ♥♦t

s✉♣❡r✐♠♣♦s❡ ✇❤✐❝❤ s✉❣❣❡sts t❤❛t t❤❡ str✉❝t✉r❛❧ ❞②♥❛♠✐❝s ♦❢ t❤❡ ❞✐♠❡r ✐s ♥♦t s②♠♠❡tr✐❝ ❢♦r

t❤❡ t✇♦ ♠♦♥♦♠❡rs ✐♥ t❤❡ ❤♦♠♦✲❞✐♠❡r✳ ❍♦✇❡✈❡r✱ t❤❡ ❡✛❡❝ts ♦❢ ❞✐♠❡r✐③❛t✐♦♥ ♦♥ t❤❡ ♣♦s✐t✐♦♥

♦❢ t❤❡ ❢r❡q✉❡♥❝② ♠❛①✐♠❛ ❛r❡ ❝♦♥s✐❞❡r❛❜❧② s♠❛❧❧❡r ✭±5 ❝♠−1✮ t❤❛♥ t❤♦s❡ ❢♦r r❡s✐❞✉❡s ❇✷✹ t♦

❇✷✻ ✇❤✐❝❤ ❛r❡ ❞✐r❡❝t❧② ✐♥✈♦❧✈❡❞ ✐♥ ❞✐♠❡r✐③❛t✐♦♥ t❤r♦✉❣❤ ❍✲❜♦♥❞✐♥❣ ❢♦r ✇❤✐❝❤ t❤❡② s♣❛♥ ±25

❝♠−1✳

❋✐❣✉r❡ ✼✿ ❚❤❡ ■❘ s♣❡❝tr❛ ❢♦r r❡s✐❞✉❡s ❇✷✵ t♦ ❇✷✸ ✐♥ t❤❡ ♠♦♥♦♠❡r ✭✉♣♣❡r ♣❛♥❡❧✮ ❛♥❞ ❢♦r t❤❡
t✇♦ ♠♦♥♦♠❡rs ✐♥ t❤❡ ❞✐♠❡r ✭❧♦✇❡r ♣❛♥❡❧✮✳

●✐✈❡♥ t❤❛t t❤❡ ❋❋❈❋s ❛♥❞ ✶❞✲✐♥❢r❛r❡❞ r❡s♣♦♥s❡ ❞❡r✐✈❡❞ ❢r♦♠ ✐t ♣r♦✈✐❞❡ ✈❛❧✉❛❜❧❡ ✐♥❢♦r♠❛✲
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t✐♦♥ ❛❜♦✉t t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ❞②♥❛♠✐❝s✱ ❋❋❈❋s ❢♦r ❛❧❧ ✲❈❖ ❧❛❜❡❧s ✐♥ t❤❡ ♠♦♥♦♠❡r ❛♥❞ ❜♦t❤

♠♦♥♦♠❡rs ✐♥ t❤❡ ✐♥s✉❧✐♥ ❞✐♠❡r ✇❡r❡ ❝♦♠♣✉t❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞✳ ❇❡❝❛✉s❡ t❤❡ s♣❡❝tr♦s❝♦♣✐❝

r❡s♣♦♥s❡ ✇✐❧❧ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ❜♦t❤✱ t❤❡ ✇❛t❡r ❛♥❞ t❤❡ ♣r♦t❡✐♥ ❞②♥❛♠✐❝s ❛r♦✉♥❞ t❤❡ ✲❈❖

❧❛❜❡❧✱ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t t❤❡r❡ ❛r❡ ♥♦t ♣❛rt✐❝✉❧❛r❧② s✐♠♣❧❡ ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ str✉❝t✉r❡ ❛♥❞

✐♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣②✳ ▼♦st ❛❜s♦r♣t✐♦♥ ♠❛①✐♠❛ ♦❢ t❤❡ ✲12❈16❖ ✈✐❜r❛t✐♦♥s ❝♦✈❡r ❛ r❛♥❣❡ ♦❢

✺✵ t♦ ✻✵ ❝♠−1 ❝♦♠♣❛r❡❞ ✇✐t❤ ∼ 70 t♦ ✽✵ ❝♠−1 ❢r♦♠ ❡①♣❡r✐♠❡♥t✳✷✺

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t②♣✐❝❛❧ ❞❡t❡r♠✐♥❛♥ts t❤❛t ❛✛❡❝t t❤❡ s♣❡❝tr♦s❝♦♣② ❛r♦✉♥❞ ❛ ♣r♦❜❡ ❛r❡ ❝♦♥✲

s✐❞❡r❡❞✳ ❋✐rst✱ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ✇❛t❡r ♠♦❧❡❝✉❧❡s nW ✇✐t❤✐♥ ❛ r❛❞✐✉s ♦❢ ✹ ➴ ♦❢ t❤❡

❧❛❜❡❧ ✐s ❝♦♥s✐❞❡r❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✲❈❖ ❛❧♦♥❣ t❤❡ ♣♦❧②♣❡♣t✐❞❡ ❝❤❛✐♥✱ s❡❡

❋✐❣✉r❡ ✽✳ ■t ✐s ❢♦✉♥❞ t❤❛t ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛✈❡r❛❣❡ ❤②❞r❛t✐♦♥ < nW > t❤❡ ✐♥❢r❛r❡❞ ❛❜s♦r♣t✐♦♥

s❤✐❢ts ❣r❛❞✉❛❧❧② t♦ t❤❡ r❡❞✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❛ t②♣✐❝❛❧ r❡❞ s❤✐❢t ♦❢ ❛ ✲❈❖ ❣r♦✉♣ ✉♣♦♥

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

♣❛rt✐❝✉❧❛r❧② str♦♥❣✳ ■♥ ❋✐❣✉r❡ ✽❆ ❛ ❧✐♥❡❛r ❝♦rr❡❧❛t✐♦♥ ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ❛❧❧ ❞❛t❛ ✭r❡❞✮ ❛♥❞

❛ ❧✐♥❡ ✭❜❧✉❡✮ ❝♦♥♥❡❝t✐♥❣ t❤❡ ❛✈❡r❛❣❡ (< nw >,< ω >) ❢♦r t❤❡ ❧♦✇❡st ✭nW ∼ 0✮ ❛♥❞ ❧❛r❣❡st

✭nW ∼ 4✮ ❞❡❣r❡❡ ♦❢ ❤②❞r❛t✐♦♥ ❜♦t❤ ✐❧❧✉str❛t❡ t❤✐s✳ ❍❡♥❝❡✱ t❤❡ ♦✈❡r❛❧❧ ❢r❡q✉❡♥❝② s❤✐❢ts ❝❛♥

❜❡ r❛t✐♦♥❛❧✐③❡❞ ❜❛s❡❞ ♦♥ ❧♦❝❛❧ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ❤②❞r❛t✐♦♥ ✇❛t❡rs✳ ❚❤❡ ✇❛t❡r✲❡①♣♦s✉r❡ ♦❢

r❡s✐❞✉❡s ❋✷✹✱ ❋✷✺✱ ❛♥❞ ❨✷✻ ❝❤❛♥❣❡s ❛♣♣r❡❝✐❛❜❧② ❜❡t✇❡❡♥ t❤❡ ♠♦♥♦♠❡r✐❝ ❛♥❞ ❞✐♠❡r✐❝ ❢♦r♠✱

❛s ❡①♣❡❝t❡❞✳ ❚❤❡② ❛r❡ nw ≥ 3 ❢♦r t❤❡ ♠♦♥♦♠❡r ❛♥❞ r❡❞✉❝❡ t♦ nw ∼ 1 ❢♦r t❤❡ ❞✐♠❡r✳ ❚❤❡

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

✉❧❛t✐♦♥s ❢♦r ❲❚ ❛♥❞ ♠✉t❛♥t ✐♥s✉❧✐♥s ❛t ♣♦s✐t✐♦♥ ❇✷✹✳✶✸

◆❡①t✱ t❤❡ ✈❛❧✉❡ C(t = 0) ♦❢ t❤❡ ❋❋❈❋ ✐s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ✇❛t❡r

♠♦❧❡❝✉❧❡s✳ ❆❣❛✐♥✱ t❤❡r❡ ✐s ❛ ✇❡❛❦ ❧✐♥❡❛r ❝♦rr❡❧❛t✐♦♥ ✭❋✐❣✉r❡ ✾✮ ❜❡t✇❡❡♥ t❤❡ t✇♦ q✉❛♥t✐✲

t✐❡s ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❤②❞r❛t✐♦♥ t❤❡ ❛♠♣❧✐t✉❞❡ C(t = 0) ✐♥❝r❡❛s❡s✳ ❚❤✐s

✭✇❡❛❦✮ ❝♦rr❡❧❛t✐♦♥ ❝❛♥ ❛❧s♦ ❜❡ ✉♥❞❡rst♦♦❞ ✐♥ ❛ q✉❛❧✐t❛t✐✈❡ ❢❛s❤✐♦♥ ❜❡❝❛✉s❡ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢

t❤❡ ❋❋❈❋ ✐s r❡❧❛t❡❞ t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✲❈❖ ♣r♦❜❡ ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤✐❝❤
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❋✐❣✉r❡ ✽✿ ❚❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ■❘ s♣❡❝tr✉♠ ✈s✳ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ✇❛t❡r ♠♦❧❡❝✉❧❡s
✇✐t❤✐♥ ❛ ✹ ➴ r❛❞✐✉s ♦❢ t❤❡ ❖ ❛t♦♠ ♦❢ t❤❡ ❛♠✐❞❡ ❜♦♥❞ ❢♦r t❤❡ ♠♦♥♦♠❡r✳ ❘❡s✐❞✉❡s ❇✷✹✱ ❇✷✺✱
❇✷✻ ❛♥❞ t❤❡ ♦✉t❧✐❡rs ❛r❡ ❧❛❜❡❧❧❡❞ s♣❡❝✐✜❝❛❧❧②✳ ❚❤❡ r❡❞ ❧✐♥❡ ✐s t❤❡ ❧✐♥❡❛r ❝♦rr❡❧❛t✐♦♥ ❢♦r ❛❧❧
❞❛t❛ ❡①❝❡♣t ❢♦r ❇✷✹ ❛♥❞ t❤❡ ♦✉t❧✐❡rs✳ ❚❤❡ ❜❧✉❡ ❧✐♥❡ ❝♦♥♥❡❝ts t❤❡ ❝❡♥t❡rs ♦❢ ❣r❛✈✐t② ✭❜❧✉❡
❞♦ts✮ ❢♦r nW ∼ 0 ❛♥❞ nw ∼ 4✳ ❚❤❡r❡ ✐s ♥♦ r❡❛❞② str✉❝t✉r❛❧ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ♦✉t❧✐❡r ❛t
♣♦s✐t✐♦♥ ✷✼✳

❧❡❛❞s t♦ ❛ s❤✐❢t ♦❢ t❤❡ ❛✈❡r❛❣❡ str❡t❝❤✐♥❣ ❢r❡q✉❡♥❝② t♦ t❤❡ r❡❞✱ s❡❡ ❋✐❣✉r❡ ✽

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

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

♦❢ t❤❡ ✇❛t❡r ♠♦❧❡❝✉❧❡s ✭s❡❡ ❋✐❣✉r❡ ❙✸✮✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ✇❡r❡ ♥♦t ❢♦✉♥❞ t♦ ❜❡ r❡❧❛t❡❞ ❡✈❡♥

✐♥ ❛ q✉❛❧✐t❛t✐✈❡ ❢❛s❤✐♦♥✳ ■♥ s✉♠♠❛r②✱ t❤❡r❡ ✐s ♥♦ s✐♥❣❧❡✱ s✐♠♣❧❡ str✉❝t✉r❛❧ ❢❡❛t✉r❡ ♦❢ t❤❡

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

✇✐t❤ t❤❡ ❢r❡q✉❡♥❝② s❤✐❢t ♦❢ t❤❡ ✲❈❖ ♦s❝✐❧❧❛t♦r✳ ❚❤✐s ✐s ❛❧s♦ ♥♦t t♦ ❜❡ ❡①♣❡❝t❡❞ ❣✐✈❡♥ t❤❡

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

❆ ✜♥❛❧ q✉❡st✐♦♥ ❝♦♥❝❡r♥s t❤❡ ♦r✐❣✐♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② s❤✐❢ts ✇❤✐❝❤ ✇❛s ❛ss❡ss❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✲

✐♥❣ ✇❛② ❢♦r ❛ t②♣✐❝❛❧ ✲❈❖ ❧❛❜❡❧ t❤❛t ✐s s✉rr♦✉♥❞❡❞ ❜② ❜♦t❤✱ ✇❛t❡r ❛♥❞ ♥❡✐❣❤❜♦r✐♥❣ ♣r♦t❡✐♥

r❡s✐❞✉❡s✳ ❚❤❡ ✲❈❖ ❣r♦✉♣ ♦❢ t❤❡ ▲❡✉❇✶✼ r❡s✐❞✉❡ ✐♥ t❤❡ ❇✶✻✲❇✶✼✲❇✶✽ ✭❚②r✲▲❡✉✲❱❛❧✮ tr✐♣❡♣t✐❞❡

❤❛s ❜❡❡♥ ❝❤♦s❡♥ ❢♦r t❤✐s ❛s ✐t ✐s s✉rr♦✉♥❞❡❞ ❜② ❜♦t❤✱ ✇❛t❡r ❛♥❞ ♣r♦t❡✐♥ ❡♥✈✐r♦♥♠❡♥ts✳ ❋✐❢t②

s♥❛♣s❤♦ts ✇❡r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ▼❉ s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ✐♥s✉❧✐♥ ♠♦♥♦♠❡r ✐♥ ✇❛t❡r ❛♥❞ ♣r❡✲
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❋✐❣✉r❡ ✾✿ ❚❤❡ ✈❛❧✉❡ ♦❢ C(t = 0) ✈s✳ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ✇❛t❡rs ✇✐t❤✐♥ ❛ ✹➴ r❛❞✐✉s ♦❢
t❤❡ ❖ ❛t♦♠ ♦❢ t❤❡ ❛♠✐❞❡ ❜♦♥❞✳ ❚❤❡ ❜❧❛❝❦ ❛♥❞ r❡❞ s♦❧✐❞ ❧✐♥❡s ❛r❡ t❤❡ ❧✐♥❡❛r ❝♦rr❡❧❛t✐♦♥s ❢♦r
❛❧❧ ❞❛t❛ ❡①❝❡♣t t❤❡ ♦✉t❧✐❡rs ❢♦r ♠♦♥♦♠❡r ❛♥❞ ❞✐♠❡r✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❜❧✉❡ ✭♠♦♥♦♠❡r✮ ❛♥❞
②❡❧❧♦✇ ✭❞✐♠❡r✮ s♦❧✐❞ ❧✐♥❡s ❝♦♥♥❡❝t✐♥❣ t❤❡ ✜❧❧❡❞ ❝✐r❝❧❡s ✭❝❡♥t❡r ♦❢ ❣r❛✈✐t②✮ ❢♦r nW ∼ 0 ❛♥❞
nw ∼ 4✳ ❚❤❡r❡ ✐s ♥♦ ♦❜✈✐♦✉s ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ♦✉t❧✐❡rs ✭✐♥ ❝✐r❝❧❡s ❛♥❞ ❧❛❜❡❧❧❡❞✮✳

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

❛❝✐❞ r❡s✐❞✉❡s ✇✐t❤✐♥ ✺ ➴ ♦❢ t❤❡ ✲❈❖ ❧❛❜❡❧ ♦❢ ▲❡✉❇✶✼ ✇❡r❡ s❡❧❡❝t❡❞ ✭t②♣✐❝❛❧❧② ✶✵✵ ❛t♦♠s✮ ❢♦r

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

❛❧♦♥❣ t❤❡ ✲❈❖ ♥♦r♠❛❧ ♠♦❞❡ ❛t t❤❡ ❇✸▲❨P✴✻✲✸✶✰●✭❞✱♣✮ ❧❡✈❡❧ ♦❢ t❤❡♦r② ✉s✐♥❣ ●❛✉ss✐❛♥✵✾✻✾

❛♥❞ t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ✇❛s ❞❡t❡r♠✐♥❡❞ ❜② s♦❧✈✐♥❣ t❤❡ ✶✲❞✐♠❡♥s✐♦♥❛❧ ❙❝❤rö❞✐♥❣❡r ❡q✉❛✲

t✐♦♥✼✵ ♦♥ t❤❡ ❛❜ ✐♥✐t✐♦ P❊❙✳ ❚❤✐s ✇❛s r❡♣❡❛t❡❞ ❢♦r t❤❡ s②st❡♠s ✐♥ ✇❤✐❝❤ ✭✐✮ ❛❧❧ ✇❛t❡r ♠♦❧❡❝✉❧❡s✱

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

r❡s✐❞✉❡s ✇❡r❡ r❡♠♦✈❡❞ ✭✏❣❛s ♣❤❛s❡✑✮✳ ❚❤✉s✱ ✐♥ t♦t❛❧ ✹ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥s ✇❡r❡ ♦❜t❛✐♥❡❞

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

✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❣❛s ♣❤❛s❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ tr✐♣❡♣t✐❞❡ ❢♦r ❡❛❝❤ s♥❛♣s❤♦t✳
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❚❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✶✵ s❤♦✇ t❤❛t t❤❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ s②st❡♠ ✭tr✐♣❡♣t✐❞❡

✰ ✇❛t❡r ✰ ❝❧♦s❡st ♣r♦t❡✐♥ r❡s✐❞✉❡s✱ ❣r❡❡♥✮ ✐s s❤✐❢t❡❞ ❜② ∼ −55 ❝♠−1 t♦ t❤❡ r❡❞ r❡❧❛t✐✈❡ t♦

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

✐s ♦♥❧② ∼ −10 ❝♠−1 ❛♥❞ ✐s r❡❧❛t✐✈❡❧② ♥❛rr♦✇ ✭±10 ❝♠−1✮ ✇❤❡r❡❛s t❤❛t ❞✉❡ t♦ t❤❡ ✇❛t❡r s❤❡❧❧

✭❜❧✉❡✮ ❛♠♦✉♥ts t♦ ∼ −50 ❝♠−1 ❛♥❞ ✐s ❝♦♠♣❛r❛❜❧❡ ✐♥ ✇✐❞t❤ t♦ t❤❡ ❣r❡❡♥ ❞✐str✐❜✉t✐♦♥✳ ❚❤✐s

s✉❣❣❡sts t❤❛t ♠♦st ♦❢ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ r❡s♣♦♥s❡ ❢♦r t❤✐s ✲❈❖ ♣r♦❜❡ ✐s ❞✉❡ t♦ t❤❡ ✇❛t❡r s❤❡❧❧✳

-150 -100 -50 0

Frequency shift (cm
-1

)

P
ro

b
a
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il
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y

tripeptide + protein environment

tripeptide + water

tripeptide + water + protein environment

❋✐❣✉r❡ ✶✵✿ ❉✐str✐❜✉t✐♦♥ ♦❢ ❢r❡q✉❡♥❝② s❤✐❢ts ❢♦r t❤❡ ✲❈❖ str❡t❝❤ ♠♦❞❡ ♦❢ ▲❡✉❇✶✼ ✐♥ ❇✶✻✲
❇✶✼✲❇✶✽ ♦❜t❛✐♥❡❞ ❢r♦♠ ✺✵ s♥❛♣s❤♦ts ❢♦r t❤❡ tr✐♣❡♣t✐❞❡ ✐s ❡✐t❤❡r s✉rr♦✉♥❞❡❞ ❜② ❛♠✐♥♦ ❛❝✐❞
r❡s✐❞✉❡s ✭r❡❞✮ ♦r ✇❛t❡r ♠♦❧❡❝✉❧❡s ✭❜❧✉❡✮ ❛♥❞ ❜♦t❤ t❤❡ ❛♠✐♥♦ ❛❝✐❞ r❡s✐❞✉❡s ❛♥❞ ✇❛t❡r ✭❣r❡❡♥✮✳
❚❤❡ ③❡r♦ ♦❢ ❢r❡q✉❡♥❝② ✐s t❤❡ ❣❛s ♣❤❛s❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ tr✐♣❡♣t✐❞❡ ❢♦r ❡❛❝❤ s♥❛♣s❤♦t ✭s❡❡ t❡①t
❢♦r ❞❡t❛✐❧s✮✳

❚❤✐s ✐s ❛ q✉❛♥t✐t❛t✐✈❡ ❛ss❡ss♠❡♥t ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✇❛t❡r ❛♥❞ t❤❡ ♣r♦t❡✐♥ ❡♥✈✐r♦♥♠❡♥t
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♦♥ t❤❡ ✲❈❖ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②✳ ■t ❞❡♠♦♥str❛t❡s t❤❛t ❢♦r ✇❛t❡r✲❡①♣♦s❡❞ r❡s✐❞✉❡s t❤❡ ♠❛❥♦r

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

♣r♦t❡✐♥ ❡♥✈✐r♦♥♠❡♥t✳

✹ ❉✐s❝✉ss✐♦♥ ❛♥❞ ❈♦♥❝❧✉s✐♦♥s

❆t♦♠✐st✐❝ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ❛ ✈❛❧✐❞❛t❡❞ ❢♦r❝❡ ✜❡❧❞ ❢♦r t❤❡ s♣❡❝tr♦s❝♦♣② ♦❢ ✲❈❖ ♣r♦❜❡s ❢♦r

✐♥s✉❧✐♥ ♠♦♥♦♠❡r ❛♥❞ ❞✐♠❡r ❡st❛❜❧✐s❤ t❤❛t t❤❡ ✲❈❖ str❡t❝❤ ✐s s❡♥s✐t✐✈❡ t♦ ❜♦t❤✱ t❤❡ ❡♥✈✐r♦♥✲

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

❛ r❛♥❣❡ ♦❢ ±20 ❝♠−1 ❢♦r t❤❡ ♠♦♥♦♠❡r ❛♥❞ ±25 ❝♠−1 ❢♦r t❤❡ ❞✐♠❡r✱ s❡❡ ❋✐❣✉r❡ ✽✳ ❙✉❝❤ ❛

♠❛❣♥✐t✉❞❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ♣r❡✈✐♦✉s ❡①♣❡r✐♠❡♥ts✼✶ ❛♥❞ s✐♠✉❧❛t✐♦♥s✳✼✷

❚❤❡ ❞✐♠❡r✐③❛t✐♦♥ ♦❢ ✐♥s✉❧✐♥ ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ✉s✐♥❣ ❛ r❛♥❣❡ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s✳

❯s✐♥❣ ❯❱✲✈✐s s♣❡❝tr♦s❝♦♣② ❞✐♠❡r✐③❛t✐♦♥ ❢r❡❡ ❡♥❡r❣✐❡s r❛♥❣✐♥❣ ❢r♦♠ ✕✽✳✷ ❦❝❛❧✴♠♦❧ t♦ ✕✻✳✻

❦❝❛❧✴♠♦❧ ✇❡r❡ ❢♦✉♥❞✻✱✼✸ ✇❤✐❝❤ ❝♦♠♣❛r❡ ✇✐t❤ ✕✺✳✹ ❦❝❛❧✴♠♦❧ ❢r♦♠ ❛♥❛❧②s✐s ♦❢ ❛♠✐❞❡✲■ t✇♦✲

❞✐♠❡♥s✐♦♥❛❧ s♣❡❝tr♦s❝♦♣② ✭♥♦t❡ t❤❡ ❞✐✛❡r❡♥t ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ st❛t❡ ✐♥ ❘❡❢s✳✻✱✼✸

❝♦♠♣❛r❡❞ t♦ ❘❡❢✳✷✹✮✳✷✹ ❚❤✉s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t❡❝❤♥✐q✉❡ ✉s❡❞✱ t❤❡ r❡s✉❧ts ❝❛♥ ❜❡ q✉✐t❡

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

♦❢ ❝♦s♦❧✈❡♥t ✭❡✳❣✳ ❡t❤❛♥♦❧✮ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞✳✷✹ ❖♥❡ ♦❢ t❤❡ ❝❤❛❧❧❡♥❣❡s ✐♥ ❝♦♠♣❛r✐♥❣ ❡①♣❡r✲

✐♠❡♥t❛❧ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ st✉❞✐❡s ✐s ✐♥ t❤❡ s♦❧✈❡♥t ❝♦♥❞✐t✐♦♥s t❤❛t t②♣✐❝❛❧❧② ❛r❡ ✉s❡❞ ✐♥

s♣❡❝tr♦s❝♦♣✐❝ st✉❞✐❡s ✇❤❡r❡ ❡t❤❛♥♦❧✱ ❍❈❧ ❛♥❞ ◆❛❈❧ ❛r❡ ✉s✉❛❧❧② ❛❞❞❡❞✳

■t ❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② s✉❣❣❡st❡❞✼✶ ❛♥❞ ♠♦r❡ r❡❝❡♥t❧② ✈❡r✐✜❡❞✼✷ t❤❛t ✐♥st❡❛❞ ♦❢ ❝❛rr②✐♥❣ ♦✉t

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

❜✐♥❞✐♥❣ str❡♥❣t❤ ♦❢ ❛ ❧✐❣❛♥❞ t♦✇❛r❞s ✐ts t❛r❣❡t ♣r♦t❡✐♥✳ ❇❛s❡❞ ♦♥ t❤✐s ✜♥❞✐♥❣ t❤❡ ♣r❡s❡♥t

✇♦r❦ s❡ts ♦✉t t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ r❡s♣♦♥s❡ ♦❢ t❤❡ ✐♥s✉❧✐♥
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♠♦♥♦♠❡r ❛♥❞ ❞✐♠❡r ✉♣♦♥ ❛❣❣r❡❣❛t✐♦♥ ✐♥ t❤❡ ❛♠✐❞❡✲■ r❡❣✐♦♥✳ ❚❤✐s ♠❛② ♦♣❡♥ ✉♣ ❛♥ ❛✈❡♥✉❡

t♦ ❝♦♠♣❧❡♠❡♥t ❛ t❤❡r♠♦❞②♥❛♠✐❝ ❡①♣❡r✐♠❡♥t ✇✐t❤ ❛ ♣♦t❡♥t✐❛❧❧② ♠♦r❡ ❝♦♥✈❡♥✐❡♥t s♣❡❝tr♦✲

s❝♦♣✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❛❣❣r❡❣❛t✐♦♥ st❛t❡✳

❲✐t❤ r❡❣❛r❞s t♦ ❞✐♠❡r✐③❛t✐♦♥ ✐t ✐s ❞❡♠♦♥str❛t❡❞ t❤❛t t❤❡ ❞②♥❛♠✐❝s ❛♥❞ s♣❡❝tr♦s❝♦♣② ♦❢ t❤❡

✲❈❖ ♣r♦❜❡s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ❝♦♥t❛❝t ✭❇✷✹ t♦ ❇✷✻ ❛♥❞ ❉✷✹ t♦ ❉✷✻✮ ❡①❤✐❜✐t ❝❤❛r✲

❛❝t❡r✐st✐❝ ❝❤❛♥❣❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s♣❡❝tr♦s❝♦♣✐❝ s✐❣♥❛t✉r❡s ♦❢ s②♠♠❡tr②✲r❡❧❛t❡❞ ✲❈❖ ♣r♦❜❡s

✐♥ t❤❡ ❳✲r❛② str✉❝t✉r❡ s♣❧✐t ✐♥t♦ t✇♦ ❞✐st✐♥❝t ❜❛♥❞s ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ str✉❝t✉r❡ ♦❢ t❤❡

✐♥s✉❧✐♥ ❞✐♠❡r ✐s ❛s②♠♠❡tr✐❝ ✇❤❡♥ t❤❡ t✇♦ ♠♦♥♦♠❡rs ❛r❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤✐s ✐s ❛❧s♦ ❝♦♥s✐st❡♥t

✇✐t❤ t❤❡ ❳✲r❛② str✉❝t✉r❡s ✇❤✐❝❤ ❡①♣❧✐❝✐t❧② ♥♦t❡ ♦♥ t❤❡ ❛s②♠♠❡tr② ♦❢ t❤❡ ♠♦♥♦♠❡r str✉❝t✉r❡s

✇✐t❤✐♥ t❤❡ ❞✐♠❡r✳✶✱✼✹ ❚❤❡ r❛t❤❡r ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ✲❈❖ ♦s❝✐❧❧❛t♦rs ✭✹✾ ❢♦r t❤❡ ♠♦♥♦♠❡r✱ ✾✽ ❢♦r

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

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

❛❧❧② r❡s♦❧✈❡❞ ✐♥❢♦r♠❛t✐♦♥ ✐s s♦✉❣❤t✱ ✐s♦t♦♣✐❝❛❧❧② s✉❜st✐t✉t❡❞ ✲❈❖ ❧❛❜❡❧s ✇✐❧❧ ❜❡ ✉s❡❢✉❧✳✷✺

❋♦r ♠♦st ♦❢ t❤❡ ❛♥❛❧②s✐s✱ t❤❡ ❧♦❝❛❧ ✲❈❖ str❡t❝❤ ♠♦❞❡ ✇❛s s❛♠♣❧❡❞ ✇❤✐❝❤ ❧❡❞ ✉s t♦ r❡♣♦rt

❢r❡q✉❡♥❝② s❤✐❢ts r❡❧❛t✐✈❡ t♦ t❤❡ ❣❛s ♣❤❛s❡ ❛❜s♦r♣t✐♦♥ ✐♥ ◆▼❆✳ ❍♦✇❡✈❡r✱ ✐t ✇♦✉❧❞ ❛❧s♦ ❜❡

♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✶✲❞✐♠❡♥s✐♦♥❛❧ ♣♦t❡♥t✐❛❧ ❜② s❝❛♥♥✐♥❣ ❛❧♦♥❣ t❤❡ ♥♦r♠❛❧ ♠♦❞❡ ❝♦rr❡✲

s♣♦♥❞✐♥❣ t♦ t❤❡ ✲❈❖ str❡t❝❤ ✭s❡❡ ❢✉rt❤❡r ❛❜♦✈❡ ❢♦r ❛ ❞✐s❝✉ss✐♦♥ ♦❢ ◆▼❆✮✳ ■♥ ♦r❞❡r t♦ q✉❛♥t✐❢②

t❤❡ ❡①♣❡❝t❡❞ ❝❤❛♥❣❡s ✐♥ t❤❡ ❛❜s♦❧✉t❡ ❢r❡q✉❡♥❝✐❡s✱ t❤✐s ✇❛s ❞♦♥❡ ❢♦r 105 s♥❛♣s❤♦ts ❢♦r t❤❡

✲❈❖ ❧❛❜❡❧ ❛t ❍✐s❇✺ ❛♥❞ ❚②r❇✷✻✱ s❡❡ ❋✐❣✉r❡ ❙✷✳ ■t ✐s ❢♦✉♥❞ t❤❛t ❜♦t❤ ❢r❡q✉❡♥❝✐❡s s❤✐❢t ❜②

∼ 60 ❝♠−1 t♦ t❤❡ ❜❧✉❡ ✐♥t♦ t❤❡ r❡❣✐♦♥ ✇❤❡r❡ t②♣✐❝❛❧❧② ❛❜s♦r♣t✐♦♥s ♦❢ ✐♥s✉❧✐♥ ✐♥ s♦❧✉t✐♦♥ ❛r❡

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

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

♦❢ t❤❡ ✲❈❖ str❡t❝❤ ✐♥st❡❛❞ ♦❢ s❝❛♥♥✐♥❣ t❤❡ ✲❈❖ ❧♦❝❛❧ ♠♦❞❡✳

❆t♦♠✐st✐❝ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ✈❛❧✐❞❛t❡❞ ❡♥❡r❣② ❢✉♥❝t✐♦♥s t♦❣❡t❤❡r ✇✐t❤ st❛t❡✲♦❢✲t❤❡ ❛rt ❡①✲
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♣❡r✐♠❡♥ts ♣r♦✈✐❞❡ ❛ ✉♥✐q✉❡ ♦♣♣♦rt✉♥✐t② t♦ r❡❧❛t❡ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ s✐❣♥❛t✉r❡s ✇✐t❤ t❤❡ ✉♥✲

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

s✐♠✉❧❛t✐♦♥s✶✸ ♦♣❡♥s ✉♣ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❝❤❛r❛❝t❡r✐③❡ ❛ ❜r♦❛❞❡r r❛♥❣❡ ♦❢ ♠♦❞✐✜❡❞ ✐♥s✉❧✐♥s

✇✐t❤ r❡s♣❡❝t t♦ t❤❡✐r t❤❡r♠♦❞②♥❛♠✐❝ st❛❜✐❧✐t② ♦❢ t❤❡ ❞✐♠❡rs ✇❤✐❝❤ ✐s ❛♥ ❡ss❡♥t✐❛❧ ❞❡t❡r♠✐♥❛♥t

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

❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥ ❆✈❛✐❧❛❜❧❡

P♦✇❡r s♣❡❝tr❛ ❛♥❞ ❋❋❈❋s ❢♦r ◆▼❆ ❢r♦♠ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡ ❛♥❛❧②s✐s✱ ❋r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥s

♦❜t❛✐♥❡❞ ❢r♦♠ s❝❛♥♥✐♥❣ ❛❧♦♥❣ t❤❡ ❧♦❝❛❧ ❛♥❞ ♥♦r♠❛❧ ♠♦❞❡ ♦❢ ✲❈❖ ❢♦r ❚②r❇✷✻ ❛♥❞ ❍✐s❇✺✱

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

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

♦❢ ❝❤❛r❣❡ ✈✐❛ t❤❡ ■♥t❡r♥❡t ❛t ❤tt♣✿✴✴♣✉❜s✳❛❝s✳♦r❣✴✳

❆❝❦♥♦✇❧❡❞❣❡♠❡♥t

❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❙✇✐ss ◆❛t✐♦♥❛❧ ❙❝✐❡♥❝❡ ❋♦✉♥❞❛t✐♦♥ ❣r❛♥t ✷✵✵✵✷✶✲✶✶✼✽✶✵✱

t❤❡ ◆❈❈❘ ▼❯❙❚✱ ❛♥❞ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❇❛s❡❧✳ ❲❡ t❤❛♥❦ Pr♦❢✳ ❏✳ ▲✳ ❙❦✐♥♥❡r ❢♦r ❝♦♠♠❡♥ts

♦♥ ♣❛rt ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t ❛♥❞ Pr♦❢✳ ❆✳ ❚♦❦♠❛❦♦✛ ❢♦r ❞✐s❝✉ss✐♦♥s ♦♥ t❤❡ s♦❧✈❡♥t✲s❡♥s✐t✐✈✐t②

♦❢ ❝❤❛r❛❝t❡r✐③✐♥❣ t❤❡ ♠♦♥♦♠❡r✲❞✐♠❡r ❡q✉✐❧✐❜r✐✉♠✳

❘❡❢❡r❡♥❝❡s

✭✶✮ ❇❛❦❡r✱ ❊✳ ◆✳❀ ❇❧✉♥❞❡❧❧✱ ❚✳ ▲✳❀ ❈✉t✜❡❧❞✱ ❏✳ ❋✳❀ ❉♦❞s♦♥✱ ❊✳ ❏✳❀ ❉♦❞s♦♥✱ ●✳ ●✳❀ ❍♦❞❣❦✐♥✱ ❉✳

▼✳ ❈✳❀ ❍✉❜❜❛r❞✱ ❘✳ ❊✳❀ ■s❛❛❝s✱ ◆✳ ❲✳❀ ❘❡②♥♦❧❞s✱ ❈✳ ❉✳❀ ❙❛❦❛❜❡✱ ❑✳ ❡t ❛❧✳ ❚❤❡ ❙tr✉❝t✉r❡
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♦❢ ✷❩♥ P✐❣ ■♥s✉❧✐♥ ❈r②st❛❧s ❛t ✶✳✺ ➴ ❘❡s♦❧✉t✐♦♥✳ P❤✐❧♦s✳ ❚r❛♥s✳ ❘✳ ❙♦❝✳ ▲♦♥❞♦♥✱ ❙❡r✳ ❇

✶✾✽✽✱ ✸✶✾✱ ✸✻✾✕✹✺✻✳

✭✷✮ ❏ør❣❡♥s❡♥✱ ❆✳ ▼✳ ▼✳❀ ❖❧s❡♥✱ ❍✳ ❇✳❀ ❇❛❧s❝❤♠✐❞t✱ P✳❀ ▲❡❞✱ ❏✳ ❏✳ ❙♦❧✉t✐♦♥ ❙tr✉❝t✉r❡ ♦❢ t❤❡

❙✉♣❡r❛❝t✐✈❡ ▼♦♥♦♠❡r✐❝ ❉❡s✲❬P❤❡ ✭❇✷✺✮❪ ❍✉♠❛♥ ■♥s✉❧✐♥ ▼✉t❛♥t✿ ❊❧✉❝✐❞❛t✐♦♥ ♦❢ t❤❡

❙tr✉❝t✉r❛❧ ❇❛s✐s ❢♦r t❤❡ ▼♦♥♦♠❡r✐③❛t✐♦♥ ♦❢ ❉❡s✲❬P❤❡ ✭❇✷✺✮❪ ■♥s✉❧✐♥ ❛♥❞ t❤❡ ❉✐♠❡r✐③❛✲

t✐♦♥ ♦❢ ◆❛t✐✈❡ ■♥s✉❧✐♥✳ ❏✳ ▼♦❧✳ ❇✐♦❧✳ ✶✾✾✻✱ ✷✺✼✱ ✻✽✹✕✻✾✾✳

✭✸✮ ❇r❡♠s✱ ❉✳ ◆✳❀ ❆❧t❡r✱ ▲✳ ❆✳❀ ❇❡❝❦❛❣❡✱ ▼✳ ❏✳❀ ❈❤❛♥❝❡✱ ❘✳ ❊✳❀ ❉✐▼❛r❝❤✐✱ ❘✳ ❉✳❀ ●r❡❡♥✱ ▲✳ ❑✳❀

▲♦♥❣✱ ❍✳ ❇✳❀ P❡❦❛r✱ ❆✳ ❍✳❀ ❙❤✐❡❧❞s✱ ❏✳ ❊✳❀ ❋r❛♥❦✱ ❇✳ ❍✳ ❆❧t❡r✐♥❣ t❤❡ ❆ss♦❝✐❛t✐♦♥ Pr♦♣✲

❡rt✐❡s ♦❢ ■♥s✉❧✐♥ ❜② ❆♠✐♥♦ ❆❝✐❞ ❘❡♣❧❛❝❡♠❡♥t✳ Pr♦t❡✐♥ ❊♥❣✳ ✶✾✾✷✱ ✺✱ ✺✷✼✕✺✸✸✳

✭✹✮ ❩♦❡t❡✱ ❱✳❀ ▼❡✉✇❧②✱ ▼✳❀ ❑❛r♣❧✉s✱ ▼✳ ❙t✉❞② ♦❢ t❤❡ ■♥s✉❧✐♥ ❉✐♠❡r✐③❛t✐♦♥✿ ❇✐♥❞✐♥❣ ❋r❡❡

❊♥❡r❣② ❈❛❧❝✉❧❛t✐♦♥s ❛♥❞ P❡r✲❘❡s✐❞✉❡ ❋r❡❡ ❊♥❡r❣② ❉❡❝♦♠♣♦s✐t✐♦♥✳ Pr♦t❡✐♥s✿ ❙tr✉❝t✳

❋✉♥❝t✳ ❇✐♦✐♥❢✳ ✷✵✵✺✱ ✻✶✱ ✼✾✕✾✸✳

✭✺✮ P♦❝❦❡r✱ ❨✳❀ ❇✐s✇❛s✱ ❙✳ ❇✳ ❙❡❧❢✲❆ss♦❝✐❛t✐♦♥ ♦❢ ■♥s✉❧✐♥ ❛♥❞ t❤❡ ❘♦❧❡ ♦❢ ❍②❞r♦♣❤♦❜✐❝

❇♦♥❞✐♥❣✿ ❛ ❚❤❡r♠♦❞②♥❛♠✐❝ ▼♦❞❡❧ ♦❢ ■♥s✉❧✐♥ ❉✐♠❡r✐③❛t✐♦♥✳ ❇✐♦❝❤❡♠✐str② ✶✾✽✶✱ ✷✵✱

✹✸✺✹✕✹✸✻✶✳

✭✻✮ ❙tr❛③③❛✱ ❙✳❀ ❍✉♥t❡r✱ ❘✳❀ ❲❛❧❦❡r✱ ❊✳❀ ❉❛r♥❛❧❧✱ ❉✳ ❲✳ ❚❤❡ ❚❤❡r♠♦❞②♥❛♠✐❝s ♦❢ ❇♦✈✐♥❡

❛♥❞ P♦r❝✐♥❡ ■♥s✉❧✐♥ ❛♥❞ Pr♦✐♥s✉❧✐♥ ❆ss♦❝✐❛t✐♦♥ ❉❡t❡r♠✐♥❡❞ ❜② ❈♦♥❝❡♥tr❛t✐♦♥ ❉✐✛❡r❡♥❝❡

❙♣❡❝tr♦s❝♦♣②✳ ❆r❝❤✳ ❇✐♦❝❤❡♠✳ ❇✐♦♣❤②s✳ ✶✾✽✺✱ ✷✸✽✱ ✸✵✕✹✷✳

✭✼✮ ❍✉❛✱ ◗✳ ❳✳❀ ❙❤♦❡❧s♦♥✱ ❙✳ ❊✳❀ ❑♦❝❤♦②❛♥✱ ▼✳❀ ❲❡✐ss✱ ▼✳ ❆✳ ❘❡❝❡♣t♦r ❇✐♥❞✐♥❣ ❘❡❞❡✜♥❡❞

❜② ❛ ❙tr✉❝t✉r❛❧ ❙✇✐t❝❤ ✐♥ ❛ ▼✉t❛♥t ❍✉♠❛♥ ■♥s✉❧✐♥✳ ◆❛t✉r❡ ✶✾✾✶✱ ✸✺✹✱ ✷✸✽✕✷✹✶✳

✭✽✮ ❈❤❡♥✱ ❍✳❀ ❙❤✐✱ ▼✳❀ ●✉♦✱ ❩✳✲❨✳❀ ❚❛♥❣✱ ❨✳✲❍✳❀ ◗✐❛♦✱ ❩✳✲❙✳❀ ▲✐❛♥❣✱ ❩✳✲❍✳❀ ❋❡♥❣✱ ❨✳✲▼✳ ❋♦✉r

◆❡✇ ▼♦♥♦♠❡r✐❝ ■♥s✉❧✐♥s ❖❜t❛✐♥❡❞ ❜② ❆❧❛♥✐♥❡ ❙❝❛♥♥✐♥❣ t❤❡ ❉✐♠❡r✲❋♦r♠✐♥❣ ❙✉r❢❛❝❡ ♦❢

t❤❡ ■♥s✉❧✐♥ ▼♦❧❡❝✉❧❡✳ Pr♦t❡✐♥ ❊♥❣✳ ✷✵✵✵✱ ✶✸✱ ✼✼✾✕✼✽✷✳
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✭✾✮ ❉❡❋❡❧✐♣♣✐s✱ ▼✳ ❘✳❀ ❈❤❛♥❝❡✱ ❘✳ ❊✳❀ ❋r❛♥❦✱ ❇✳ ❍✳ ■♥s✉❧✐♥ ❙❡❧❢✲❆ss♦❝✐❛t✐♦♥ ❛♥❞ t❤❡ ❘❡❧❛✲

t✐♦♥s❤✐♣ ❚♦ P❤❛r♠❛❝♦❦✐♥❡t✐❝s ❛♥❞ P❤❛r♠❛❝♦❞②♥❛♠✐❝s✳ ❈r✐t✳ ❘❡✈✳ ❚❤❡r✳ ❉r✉❣ ❈❛rr✐❡r

❙②st✳ ✷✵✵✶✱ ✶✽✱ ✷✵✶✳

✭✶✵✮ ❆♥t♦❧í❦♦✈á✱ ❊✳❀ ➎á❦♦✈á✱ ▲✳❀ ❚✉r❦❡♥❜✉r❣✱ ❏✳ P✳❀ ❲❛ts♦♥✱ ❈✳ ❏✳❀ ❍❛♥↔❧♦✈á✱ ■✳❀ ➆❛♥❞❛✱ ▼✳❀

❈♦♦♣❡r✱ ❆✳❀ ❑r❛✉s✱ ❚✳❀ ❇r③♦③♦✇s❦✐✱ ❆✳ ▼✳❀ ❏✐rá↔❡❦✱ ❏✳ ◆♦♥✲❊q✉✐✈❛❧❡♥t ❘♦❧❡ ♦❢ ■♥t❡r✲❆♥❞

■♥tr❛♠♦❧❡❝✉❧❛r ❍②❞r♦❣❡♥ ❇♦♥❞s ✐♥ t❤❡ ■♥s✉❧✐♥ ❉✐♠❡r ■♥t❡r❢❛❝❡✳ ❏✳ ❇✐♦✳ ❈❤❡♠✳ ✷✵✶✶✱

✷✽✻✱ ✸✻✾✻✽✕✸✻✾✼✼✳

✭✶✶✮ ❏✐r❛❝❡❦✱ ❏✳❀ ❩❛❦♦✈❛✱ ▲✳❀ ❆♥t♦❧✐❦♦✈❛✱ ❊✳❀ ❲❛ts♦♥✱ ❈✳ ❏✳❀ ❚✉r❦❡♥❜✉r❣✱ ❏✳ P✳❀ ❉♦❞s♦♥✱ ●✳ ●✳❀

❇r③♦③♦✇s❦✐✱ ❆✳ ▼✳ ■♠♣❧✐❝❛t✐♦♥s ❢♦r t❤❡ ❆❝t✐✈❡ ❋♦r♠ ♦❢ ❍✉♠❛♥ ■♥s✉❧✐♥ ❇❛s❡❞ ♦♥ t❤❡

❙tr✉❝t✉r❛❧ ❈♦♥✈❡r❣❡♥❝❡ ♦❢ ❍✐❣❤❧② ❆❝t✐✈❡ ❍♦r♠♦♥❡ ❆♥❛❧♦❣✉❡s✳ Pr♦❝✳ ◆❛t❧✳ ❆❝❛❞✳ ❙❝✐✳

❯❙❆ ✷✵✶✵✱ ✶✵✼✱ ✶✾✻✻✕✶✾✼✵✳

✭✶✷✮ ❩♦❡t❡✱ ❱✳❀ ▼❡✉✇❧②✱ ▼✳❀ ❑❛r♣❧✉s✱ ▼✳ ❆ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❉②♥❛♠✐❝ ❇❡❤❛✈✐♦r ♦❢

▼♦♥♦♠❡r✐❝ ❛♥❞ ❉✐♠❡r✐❝ ■♥s✉❧✐♥ ❙❤♦✇s ❙tr✉❝t✉r❛❧ ❘❡❛rr❛♥❣❡♠❡♥ts ✐♥ t❤❡ ❆❝t✐✈❡

▼♦♥♦♠❡r✳ ❏✳ ▼♦❧✳ ❇✐♦❧✳ ✷✵✵✹✱ ✸✹✷✱ ✾✶✸✕✾✷✾✳

✭✶✸✮ ❘❛❣❤✉♥❛t❤❛♥✱ ❙✳❀ ❊❧ ❍❛❣❡✱ ❑✳❀ ❉❡s♠♦♥❞✱ ❏✳ ▲✳❀ ❩❤❛♥❣✱ ▲✳❀ ▼❡✉✇❧②✱ ▼✳ ❚❤❡ ❘♦❧❡ ♦❢

❲❛t❡r ✐♥ t❤❡ ❙t❛❜✐❧✐t② ♦❢ ❲✐❧❞✲t②♣❡ ❛♥❞ ▼✉t❛♥t ■♥s✉❧✐♥ ❉✐♠❡rs✳ ❏✳ P❤②s✳ ❈❤❡♠✳ ❇

✷✵✶✽✱ ✶✷✷✱ ✼✵✸✽✕✼✵✹✽✳

✭✶✹✮ ❑r✐st❡♥s❡♥✱ ❈✳❀ ❑❥❡❧❞s❡♥✱ ❚✳❀ ❲✐❜❡r❣✱ ❋✳ ❈✳❀ ❙❝❤ä✛❡r✱ ▲✳❀ ❍❛❝❤✱ ▼✳❀ ❍❛✈❡❧✉♥❞✱ ❙✳❀

❇❛ss✱ ❏✳❀ ❙t❡✐♥❡r✱ ❉✳ ❋✳❀ ❆♥❞❡rs❡♥✱ ❆✳ ❙✳ ❆❧❛♥✐♥❡ ❙❝❛♥♥✐♥❣ ▼✉t❛❣❡♥❡s✐s ♦❢ ■♥s✉❧✐♥✳ ❏✳

❇✐♦✳ ❈❤❡♠✳ ✶✾✾✼✱ ✷✼✷✱ ✶✷✾✼✽✕✶✷✾✽✸✳

✭✶✺✮ ❉❡r❡✇❡♥❞❛✱ ❯✳❀ ❉❡r❡✇❡♥❞❛✱ ❩✳❀ ❉♦❞s♦♥✱ ❊✳❀ ❉♦❞s♦♥✱ ●✳❀ ❇✐♥❣✱ ❳✳❀ ▼❛r❦✉ss❡♥✱ ❏✳ ❳✲❘❛②

❆♥❛❧②s✐s ♦❢ t❤❡ ❙✐♥❣❧❡ ❈❤❛✐♥ ❇✷✾✲❆✶ P❡♣t✐❞❡✲▲✐♥❦❡❞ ■♥s✉❧✐♥ ▼♦❧❡❝✉❧❡✿ ❆ ❈♦♠♣❧❡t❡❧②

■♥❛❝t✐✈❡ ❆♥❛❧♦❣✉❡✳ ❏✳ ▼♦❧✳ ❇✐♦❧✳ ✶✾✾✶✱ ✷✷✵✱ ✹✷✺✕✹✸✸✳

✭✶✻✮ ❱❛s❤✐st❤✱ ❍✳❀ ❆❜r❛♠s✱ ❈✳ ❋✳ ❆❧❧✲❆t♦♠ ❙tr✉❝t✉r❛❧ ▼♦❞❡❧s ♦❢ ■♥s✉❧✐♥ ❇✐♥❞✐♥❣ ❚♦ t❤❡
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■♥s✉❧✐♥ ❘❡❝❡♣t♦r ✐♥ t❤❡ Pr❡s❡♥❝❡ ♦❢ ❛ ❚❛♥❞❡♠ ❍♦r♠♦♥❡✲❇✐♥❞✐♥❣ ❊❧❡♠❡♥t✳ Pr♦t❡✐♥s

❙tr✉❝t✳✱ ❋✉♥❝t✳ ❇✐♦✐♥❢✳ ✷✵✶✸✱ ✽✶✱ ✶✵✶✼✕✶✵✸✵✳

✭✶✼✮ ▼✐r♠✐r❛✱ ❘✳❀ ❚❛❣❡r✱ ❍✳ ❘♦❧❡ ♦❢ t❤❡ P❤❡♥②❧❛❧❛♥✐♥❡ ❇✷✹ ❙✐❞❡ ❈❤❛✐♥ ✐♥ ❉✐r❡❝t✐♥❣ ■♥s✉❧✐♥

■♥t❡r❛❝t✐♦♥ ✇✐t❤ ■ts ❘❡❝❡♣t♦r✳ ■♠♣♦rt❛♥❝❡ ♦❢ ▼❛✐♥ ❈❤❛✐♥ ❈♦♥❢♦r♠❛t✐♦♥✳ ❏✳ ❇✐♦✳ ❈❤❡♠✳

✶✾✽✾✱ ✷✻✹✱ ✻✸✹✾✕✻✸✺✹✳

✭✶✽✮ ◆❛❦❛❣❛✇❛✱ ❙✳ ❍✳❀ ❚❛❣❡r✱ ❍✳ ❙✳ ■♠♣♦rt❛♥❝❡ ♦❢ ❆❧✐♣❤❛t✐❝ ❙✐❞❡✲❈❤❛✐♥ ❙tr✉❝t✉r❡ ❛t P♦s✐t✐♦♥s

✷ ❛♥❞ ✸ ♦❢ t❤❡ ■♥s✉❧✐♥ ❆ ❈❤❛✐♥ ✐♥ ■♥s✉❧✐♥✲❘❡❝❡♣t♦r ■♥t❡r❛❝t✐♦♥s✳ ❇✐♦❝❤❡♠✐str② ✶✾✾✷✱

✸✶✱ ✸✷✵✹✕✸✷✶✹✳

✭✶✾✮ ❈✉t✜❡❧❞✱ ❏✳❀ ❈✉t✜❡❧❞✱ ❙✳❀ ❉♦❞s♦♥✱ ❊✳❀ ❉♦❞s♦♥✱ ●✳❀ ❍♦❞❣❦✐♥✱ ❉✳❀ ❘❡②♥♦❧❞s✱ ❈✳ ❊✈✐❞❡♥❝❡

❈♦♥❝❡r♥✐♥❣ ■♥s✉❧✐♥ ❆❝t✐✈✐t② ❢r♦♠ t❤❡ ❙tr✉❝t✉r❡ ♦❢ ❛ ❈r♦ss✲▲✐♥❦❡❞ ❉❡r✐✈❛t✐✈❡✳ ❍♦♣♣❡✲

❙❡②❧❡r✬s ❩✳ P❤②s✐♦❧✳ ❈❤❡♠✳ ✶✾✽✶✱ ✸✻✷✱ ✼✺✺✕✼✻✷✳

✭✷✵✮ ▲✉❞✈✐❣s❡♥✱ ❙✳❀ ❖❧s❡♥✱ ❍✳ ❇✳❀ ❑❛❛rs❤♦❧♠✱ ◆✳ ❈✳ ❆ ❙tr✉❝t✉r❛❧ ❙✇✐t❝❤ ✐♥ ❛ ▼✉t❛♥t ■♥s✉❧✐♥

❊①♣♦s❡s ❑❡② ❘❡s✐❞✉❡s ❢♦r ❘❡❝❡♣t♦r ❇✐♥❞✐♥❣✳ ❏✳ ▼♦❧✳ ❇✐♦❧✳ ✶✾✾✽✱ ✷✼✾✱ ✶✕✼✳

✭✷✶✮ ◆❛❦❛❣❛✇❛✱ ❙✳ ❍✳❀ ❚❛❣❡r✱ ❍✳ ❘♦❧❡ ♦❢ t❤❡ P❤❡♥②❧❛❧❛♥✐♥❡ ❇✷✺ ❙✐❞❡ ❈❤❛✐♥ ✐♥ ❉✐r❡❝t✐♥❣

■♥s✉❧✐♥ ■♥t❡r❛❝t✐♦♥ ✇✐t❤ ■ts ❘❡❝❡♣t♦r✳ ❙t❡r✐❝ ❛♥❞ ❈♦♥❢♦r♠❛t✐♦♥❛❧ ❊✛❡❝ts✳ ❏✳ ❇✐♦✳ ❈❤❡♠✳

✶✾✽✻✱ ✷✻✶✱ ✼✸✸✷✕✼✸✹✶✳

✭✷✷✮ ❙❤♦❡❧s♦♥✱ ❙✳ ❊✳❀ ▲✉✱ ❩✳ ❳✳❀ P❛r❧❛✉t❛♥✱ ▲✳❀ ▲②♥❝❤✱ ❈✳ ❙✳❀ ❲❡✐ss✱ ▼✳ ❆✳ ▼✉t❛t✐♦♥s ❛t

t❤❡ ❉✐♠❡r✱ ❍❡①❛♠❡r✱ ❛♥❞ ❘❡❝❡♣t♦r✲❇✐♥❞✐♥❣ ❙✉r❢❛❝❡s ♦❢ ■♥s✉❧✐♥ ■♥❞❡♣❡♥❞❡♥t❧② ❆✛❡❝t

■♥s✉❧✐♥✲■♥s✉❧✐♥ ❛♥❞ ■♥s✉❧✐♥✲❘❡❝❡♣t♦r ■♥t❡r❛❝t✐♦♥s✳ ❇✐♦❝❤❡♠✐str② ✶✾✾✷✱ ✸✶✱ ✶✼✺✼✕✶✼✻✼✳

✭✷✸✮ ❉♦♥❣✱ ❏✳❀ ❲❛♥✱ ❩✳❀ P♦♣♦✈✱ ▼✳❀ ❈❛r❡②✱ P✳ ❘✳❀ ❲❡✐ss✱ ▼✳ ❆✳ ■♥s✉❧✐♥ ❆ss❡♠❜❧② ❉❛♠♣s

❈♦♥❢♦r♠❛t✐♦♥❛❧ ❋❧✉❝t✉❛t✐♦♥s✿ ❘❛♠❛♥ ❆♥❛❧②s✐s ♦❢ ❆♠✐❞❡ ■ ▲✐♥❡✇✐❞t❤s ✐♥ ◆❛t✐✈❡ ❙t❛t❡s

❛♥❞ ❋✐❜r✐❧s✳ ❏✳ ▼♦❧✳ ❇✐♦❧✳ ✷✵✵✸✱ ✸✸✵✱ ✹✸✶✕✹✹✷✳

✭✷✹✮ ●❛♥✐♠✱ ❩✳❀ ❏♦♥❡s✱ ❑✳ ❈✳❀ ❚♦❦♠❛❦♦✛✱ ❆✳ ■♥s✉❧✐♥ ❉✐♠❡r ❉✐ss♦❝✐❛t✐♦♥ ❛♥❞ ❯♥❢♦❧❞✐♥❣
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❘❡✈❡❛❧❡❞ ❜② ❆♠✐❞❡ ■ ❚✇♦✲❉✐♠❡♥s✐♦♥❛❧ ■♥❢r❛r❡❞ ❙♣❡❝tr♦s❝♦♣②✳ P❤②s✳ ❈❤❡♠✳ ❈❤❡♠✳

P❤②s✳ ✷✵✶✵✱ ✶✷✱ ✸✺✼✾✕✸✺✽✽✳

✭✷✺✮ ❉❤❛②❛❧❛♥✱ ❇✳❀ ❋✐t③♣❛tr✐❝❦✱ ❆✳❀ ▼❛♥❞❛❧✱ ❑✳❀ ❲❤✐tt❛❦❡r✱ ❏✳❀ ❲❡✐ss✱ ▼✳ ❆✳❀ ❚♦❦♠❛❦♦✛✱ ❆✳❀

❑❡♥t✱ ❙✳ ❇✳ ❍✳ ❊✣❝✐❡♥t ❚♦t❛❧ ❈❤❡♠✐❝❛❧ ❙②♥t❤❡s✐s ♦❢ 13❈❂18❖ ■s♦t♦♣♦♠❡rs ♦❢ ❍✉♠❛♥

■♥s✉❧✐♥ ❢♦r ■s♦t♦♣❡✲❊❞✐t❡❞ ❋❚■❘✳ ❈❤❡♠❇✐♦❈❤❡♠ ✷✵✶✻✱ ✶✼✱ ✹✶✺✕✹✷✵✳

✭✷✻✮ ❲♦✉t❡rs❡♥✱ ❙✳❀ ❍❛♠♠✱ P✳ ❙tr✉❝t✉r❡ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❚r✐❛❧❛♥✐♥❡ ✐♥ ❲❛t❡r ❯s✐♥❣ P♦❧❛r✲

✐③❛t✐♦♥ ❙❡♥s✐t✐✈❡ ❚✇♦✲❉✐♠❡♥s✐♦♥❛❧ ❱✐❜r❛t✐♦♥❛❧ ❙♣❡❝tr♦s❝♦♣②✳ ❏✳ P❤②s✳ ❈❤❡♠✳ ❇ ✷✵✵✵✱
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