
 Open access  Journal Article  DOI:10.1063/1.4976552

Time-resolved photoelectron imaging with a femtosecond vacuum-ultraviolet light
source: Dynamics in the A∼/B∼- and F∼-bands of SO2 — Source link 

Vít Svoboda, Niraghatam Bhargava Ram, R. Rajeev, Hans Jakob Wörner

Institutions: ETH Zurich

Published on: 22 Feb 2017 - Journal of Chemical Physics (AIP Publishing LLC)

Topics: Rydberg state, Excited state, Ionization, High harmonic generation and Rydberg formula

Related papers:

 
Coherent polyatomic dynamics studied by femtosecond time-resolved photoelectron spectroscopy: Dissociation of
vibrationally excited CS2 in the 6s and 4d Rydberg states

 Excited state wavepacket dynamics in NO 2 probed by strong-field ionization.

 Probing Rydberg-Rydberg interactions in N2 by ultrafast EUV-NIR photoelectron spectroscopy

 
Stark-assisted population control of coherent CS2 4f and 5p Rydberg wave packets studied by femtosecond time-
resolved photoelectron spectroscopy

 Femtosecond resolved dynamics in small polyatomic molecules by velocity map imaging

Share this paper:    

View more about this paper here: https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-
3flxi1k38t

https://typeset.io/
https://www.doi.org/10.1063/1.4976552
https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-3flxi1k38t
https://typeset.io/authors/vit-svoboda-43pf4bst24
https://typeset.io/authors/niraghatam-bhargava-ram-1ya8vyv7uz
https://typeset.io/authors/r-rajeev-2avjdsv5r6
https://typeset.io/authors/hans-jakob-worner-hf5ro6puzb
https://typeset.io/institutions/eth-zurich-2cbshymp
https://typeset.io/journals/journal-of-chemical-physics-10x5po75
https://typeset.io/topics/rydberg-state-3krl84wv
https://typeset.io/topics/excited-state-sn7nzsrf
https://typeset.io/topics/ionization-3ngrcgna
https://typeset.io/topics/high-harmonic-generation-1hyl34tg
https://typeset.io/topics/rydberg-formula-8mwv85d8
https://typeset.io/papers/coherent-polyatomic-dynamics-studied-by-femtosecond-time-2m9udg4c6d
https://typeset.io/papers/excited-state-wavepacket-dynamics-in-no-2-probed-by-strong-icuadmmkiq
https://typeset.io/papers/probing-rydberg-rydberg-interactions-in-n2-by-ultrafast-euv-4s81pvtaox
https://typeset.io/papers/stark-assisted-population-control-of-coherent-cs2-4f-and-5p-579lx4pufm
https://typeset.io/papers/femtosecond-resolved-dynamics-in-small-polyatomic-molecules-4eryhvzc2l
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-3flxi1k38t
https://twitter.com/intent/tweet?text=Time-resolved%20photoelectron%20imaging%20with%20a%20femtosecond%20vacuum-ultraviolet%20light%20source:%20Dynamics%20in%20the%20A%E2%88%BC/B%E2%88%BC-%20and%20F%E2%88%BC-bands%20of%20SO2&url=https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-3flxi1k38t
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-3flxi1k38t
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-3flxi1k38t
https://typeset.io/papers/time-resolved-photoelectron-imaging-with-a-femtosecond-3flxi1k38t


ETH Library

Time-resolved photoelectron
imaging with a femtosecond
vacuum-ultraviolet light source:
Dynamics in the A∼/B∼- and F∼-
bands of SO2

Journal Article

Author(s):
Svoboda, Vít; Ram, Niraghatam B.; Rajeev, Rajendran; Wörner, Hans Jakob

Publication date:
2017-02-28

Permanent link:
https://doi.org/10.3929/ethz-a-010890580

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
The Journal of Chemical Physics 146(8), https://doi.org/10.1063/1.4976552

Funding acknowledgement:
307270 - Measuring attosecond electron dynamics in molecules (EC)
159875 - Attosecond transient-absorption spectroscopy of electronic dynamics in molecules (SNF)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-010890580
http://rightsstatements.org/page/InC-NC/1.0/
https://doi.org/10.1063/1.4976552
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


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

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

✈❛❝✉✉♠✲✉❧tr❛✈✐♦❧❡t ❧✐❣❤t s♦✉r❝❡✿ ❞②♥❛♠✐❝s ✐♥ t❤❡ Ã/B̃✲ ❛♥❞ F̃✲❜❛♥❞s ♦❢ ❙❖2
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❧✐♠✐t❡❞ ♣✉❧s❡ ❞✉r❛t✐♦♥s t❤❛t ❝❛♥ ❜❡ s❡❧❡❝t❡❞ ❛❝❝♦r❞✐♥❣ t♦
t❤❡ r❡q✉✐r❡❞ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦r s❡❧❡❝t✐✈✐t②✳
❚❤❡ ❞✐s❝♦✈❡r② ❛♥❞ ✐♥t❡♥s❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❤✐❣❤✲

❤❛r♠♦♥✐❝ ❣❡♥❡r❛t✐♦♥ ✭❍❍●✮ ❤❛s ♦♣❡♥❡❞ ❛♥ ❛ttr❛❝t✐✈❡

❛✮❊❧❡❝tr♦♥✐❝ ♠❛✐❧✿ ❤✇♦❡r♥❡r❅❡t❤③✳❝❤❀ ✇✇✇✳❛tt♦✳❡t❤③✳❝❤

♣❛t❤ t♦✇❛r❞s t❤✐s ❛♠❜✐t✐♦✉s ❣♦❛❧✳ ▼♦st ✇♦r❦ ✐♥ ❍❍●
❤❛s ❤♦✇❡✈❡r ❝♦♥❝❡♥tr❛t❡❞ ♦♥ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❤✐❣❤ ♣❤♦✲
t♦♥ ❡♥❡r❣✐❡s ❢r♦♠ t❤❡ ✈❛❝✉✉♠ ✉❧tr❛✈✐♦❧❡t ✭❱❯❱✮ ♦✈❡r
t❤❡ ❡①tr❡♠❡ ✉❧tr❛✈✐♦❧❡t ✭❳❯❱✮ t♦ t❤❡ s♦❢t✲❳✲r❛② ❞♦♠❛✐♥
✭s❡❡ ❡✳❣✳ ❘❡❢s✳✾✱✶✵ ❛♥❞ r❡❢❡r❡♥❝❡s t❤❡r❡✐♥✮✳ ▼♦st s✐❣♥✐❢✲
✐❝❛♥t ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❚❘P❊❙ ✐s t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢
t✐♠❡✲♣r❡s❡r✈✐♥❣ ♠♦♥♦❝❤r♦♠❛t♦rs ✭s❡❡ ❡✳❣✳ ❘❡❢s✳✶✶✱✶✷ ❛♥❞
r❡❢❡r❡♥❝❡s t❤❡r❡✐♥✮✱ ✇❤✐❝❤ ❤❛✈❡ ❜r♦✉❣❤t ❳❯❱✲❚❘P❊❙
✐♥t♦ r❡❛❝❤✶✸✕✶✺✳ ❲❤✐❧❡ t❤✐s ✐s ❛♥ ❡①tr❡♠❡❧② ♣r♦♠✐s✐♥❣
♠❡t❤♦❞ ✇✐t❤ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ s✉❜st❛♥t✐❛❧❧② ❜r♦❛❞❡♥✐♥❣
t❤❡ s❝♦♣❡ ♦❢ ❚❘P❊❙ ❜② ❣✐✈✐♥❣ ❛❝❝❡ss t♦ ♠✉❧t✐♣❧❡ ✜♥❛❧
st❛t❡s ❛♥❞ ❡❧❡♠❡♥t✲s♣❡❝✐✜❝ ❝♦r❡ s❤❡❧❧s✱ ❳❯❱✲❚❘P❊❙ s✉❢✲
❢❡rs ❢r♦♠ t❤❡ ❜❛❝❦❣r♦✉♥❞ s✐❣♥❛❧ ❝♦♥tr✐❜✉t❡❞ ❢r♦♠ t❤❡
✐♦♥✐③❛t✐♦♥ ♦❢ ✉♥❡①❝✐t❡❞ ♠♦❧❡❝✉❧❡s✳ ❙✐♥❝❡ s✐♥❣❧❡✲♣❤♦t♦♥
❡①❝✐t❛t✐♦♥ ♣r♦❜❛❜✐❧✐t✐❡s ❛❧✇❛②s ♥❡❡❞ t♦ ❜❡ ❦❡♣t ❧♦✇ t♦
❛✈♦✐❞ ♠✉❧t✐✲♣❤♦t♦♥ ❡①❝✐t❛t✐♦♥ ❛♥❞ ✐♦♥✐③❛t✐♦♥✱ t❤✐s ❜❛❝❦✲
❣r♦✉♥❞ ❝♦♥st✐t✉t❡s ❛ s✐❣♥✐✜❝❛♥t ❝❤❛❧❧❡♥❣❡✳ ❚✐♠❡✲r❡s♦❧✈❡❞
❤✐❣❤✲❤❛r♠♦♥✐❝ s♣❡❝tr♦s❝♦♣② ✭❚❘❍❍❙✮ t✉r♥s t❤✐s ♣r♦❜✲
❧❡♠ ✐♥t♦ ❛♥ ❛❞✈❛♥t❛❣❡ ❜② ❡①♣❧♦✐t✐♥❣ t❤❡ ❡♠✐ss✐♦♥ ❢r♦♠ ✉♥✲
❡①❝✐t❡❞ ♠♦❧❡❝✉❧❡s ❛s ❛ ❝♦❤❡r❡♥t r❡❢❡r❡♥❝❡✱ ❛❣❛✐♥st ✇❤✐❝❤
t❤❡ ✇❡❛❦❡r s✐❣♥❛❧ ♦❢ t❤❡ ♣❤♦t♦❡①❝✐t❡❞ ♠♦❧❡❝✉❧❡s ✐s ❞❡✲
t❡❝t❡❞ ✇✐t❤ ♣❤❛s❡ s❡♥s✐t✐✈✐t②✶✻✕✷✵✳ ❱❯❱✲❚❘P❊❙✱ ✐♥ ❝♦♥✲
tr❛st✱ ❛✈♦✐❞s t❤❡ ✐♦♥✐③❛t✐♦♥ ♦❢ t❤❡ ✉♥❡①❝✐t❡❞ ♠♦❧❡❝✉❧❡s ❛❧✲
t♦❣❡t❤❡r✱ ✇❤✐❧❡ st✐❧❧ ♦✛❡r✐♥❣ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ✐♦♥✐③❡ ❧♦✇✲
❧②✐♥❣ ❡❧❡❝tr♦♥✐❝ st❛t❡s✷✶✳ ❚❤❡ ♦t❤❡r ❛❞✈❛♥t❛❣❡ ♦❢ ❢❡♠✲
t♦s❡❝♦♥❞ ❱❯❱ r❛❞✐❛t✐♦♥ ✐s t❤❛t ✐t ♣r♦✈✐❞❡s ❛❝❝❡ss t♦ t❤❡
✉❧tr❛❢❛st ❞②♥❛♠✐❝s ♦❢ ♠♦❧❡❝✉❧❛r ❘②❞❜❡r❣ st❛t❡s✱ ✇❤✐❝❤
✇❡r❡ ♣r❡✈✐♦✉s❧② ♦♥❧② ❛❝❝❡ss✐❜❧❡ t❤r♦✉❣❤ ♠✉❧t✐✲♣❤♦t♦♥ ❡①✲
❝✐t❛t✐♦♥✳ ❙✐♥❝❡ ♠✉❧t✐✲♣❤♦t♦♥ ❝❤❛♥♥❡❧s ✐♥✈♦❧✈✐♥❣ s✐♠✐❧❛r
♥✉♠❜❡rs ♦❢ ♣❤♦t♦♥s ❛r❡ ❛❧♠♦st ✐♠♣♦ss✐❜❧❡ t♦ ❞✐s❝r✐♠✐✲
♥❛t❡ ❛❣❛✐♥st ❡❛❝❤ ♦t❤❡r✱ s✐♥❣❧❡✲♣❤♦t♦♥✲❱❯❱ ❡①❝✐t❛t✐♦♥ ✐s
❛ ✇❡❧❝♦♠❡ s♦❧✉t✐♦♥✳

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



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

Cross-section (cm molecule )

-1
6

1
0

-2
0

1
0

-2
4

1
0

2 -1

4

1

4

1a a

❋✐❣✉r❡ ✶✳ ❖♥❡✲❞✐♠❡♥s✐♦♥❛❧ ❝✉t t❤r♦✉❣❤ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② s✉r❢❛❝❡s ♦❢ ❙❖2 ❛❧♦♥❣ t❤❡ ❜♦♥❞✲❛♥❣❧❡ ❝♦♦r❞✐♥❛t❡ ❢r♦♠ ❘❡❢✳✷✷✳ ❚❤❡
❞✐❛❣r❛♠ s❤♦✇s t❤❡ t✇♦ ❡①❝✐t❛t✐♦♥ s❝❤❡♠❡s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ❛♥❞ t❤❡ ✐♥✈♦❧✈❡❞ ❡❧❡❝tr♦♥✐❝ st❛t❡s✳ ❖♥ t❤❡ ❧❡❢t s✐❞❡✱ ❛♥ ❛❜s♦r♣t✐♦♥
s♣❡❝tr✉♠ ♦❢ ❙❖2 ✐s ❛tt❛❝❤❡❞ ❛♥❞ t❤❡ ♣❤♦t♦❡①❝✐t❡❞ r❡❣✐♦♥s ❛r❡ ❤✐❣❤❧✐❣❤t❡❞✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡ ♣✉❧s❡s ❝❡♥t❡r❡❞
❛t ✶✸✸ ♥♠ ❛♥❞ ✷✻✻ ♥♠✱ t✇♦ ❡①❝✐t❛t✐♦♥ ♣❛t❤s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞✿ ✭❛✮ ❛t ♥❡❣❛t✐✈❡ ❞❡❧❛②s t❤❡ ✷✻✻ ♥♠ ♣✉❧s❡ ♣✉♠♣s ❙❖2 t♦ t❤❡

Ã/B̃❜❛♥❞ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ✶✸✸ ♥♠ ♣✉❧s❡ ❛❝ts ❛s t❤❡ ♣r♦❜❡✱ ✭❜✮ ❛t ♣♦s✐t✐✈❡ ❞❡❧❛②s t❤❡ ✶✸✸ ♥♠ ♣✉❧s❡ ❡①❝✐t❡s t❤❡ F̃ ❜❛♥❞ ❛♥❞

t❤❡ s✉❜s❡q✉❡♥t ✷✻✻ ♥♠ ♣✉❧s❡ ♣r♦❜❡s t❤❡ F̃✲❜❛♥❞ ❞②♥❛♠✐❝s✳

❝❡❧❧✳ ❲❡ st✉❞② t❤❡ ❙❖2 ♠♦❧❡❝✉❧❡ ❛s ❛♥ ❡①❛♠♣❧❡ t♦ ❞❡♠♦♥✲
str❛t❡ t❤❡ ♣♦t❡♥t✐❛❧ ♦✛❡r❡❞ ❜② t❤✐s t❡❝❤♥✐q✉❡✳ ❲❡ ✉s❡ t❤❡
❱❯❱ ♣✉❧s❡s ❛s ❛ t✐♠❡✲r❡s♦❧✈❡❞ ♣r♦❜❡ t♦ r❡s♦❧✈❡ t❤❡ ❞②✲
♥❛♠✐❝s ✐♥ t❤❡ ❧♦✇✲❧②✐♥❣ ❡❧❡❝tr♦♥✐❝ st❛t❡s ♦❢ ❙❖2✱ ♣❤♦t♦❡①✲
❝✐t❡❞ ❜② ❯❱ ♣✉❧s❡s ❝❡♥t❡r❡❞ ❛t ✷✻✻ ♥♠✳ ❲❡ t❤❡♥ t✉r♥ t❤❡
r♦❧❡ ♦❢ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ❛r♦✉♥❞ ❛♥❞ ✉s❡ t❤❡ ❱❯❱ ♣✉❧s❡s
t♦ ❡①❝✐t❡ t❤❡ F̃✲❜❛♥❞ r❡❣✐♦♥ ♦❢ ❙❖2 ❛♥❞ t❤❡ ❯❱ ♣✉❧s❡s t♦
♣r♦❜❡ t❤❡ ❞②♥❛♠✐❝s ❜② ♣❤♦t♦✐♦♥✐③❛t✐♦♥✳

❙♠❛❧❧ ♠♦❧❡❝✉❧❡s✱ s✉❝❤ ❛s ❙❖2✱ ❛r❡ ❣♦♦❞ ❝❛♥❞✐❞❛t❡s ❢♦r
s✉❝❤ st✉❞✐❡s ❜❡❝❛✉s❡ ❢✉❧❧✲❞✐♠❡♥s✐♦♥❛❧ ♣♦t❡♥t✐❛❧✲❡♥❡r❣②
s✉r❢❛❝❡s ❛r❡ ♦❢t❡♥ ❛✈❛✐❧❛❜❧❡✷✸✕✷✼ ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❚❘P❊❙
♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞✐r❡❝t❧② t❡st t❤❡s❡ ❝❛❧❝✉✲
❧❛t✐♦♥s✳ ❊✈❡♥ t❤♦✉❣❤ ❙❖2 ❤❛s ❜❡❡♥ ❡①t❡♥s✐✈❡❧② st✉❞✲
✐❡❞✱ ❜♦t❤ ❡①♣❡r✐♠❡♥t❛❧❧②✷✷✱✷✽✕✸✻ ❛♥❞ t❤❡♦r❡t✐❝❛❧❧②✷✹✕✷✼✱✸✼✱
t❤❡ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ♦❢ ❙❖2 ✐♥ t❤❡ ❤✐❣❤❡r ❡♥❡r❣②
r❛♥❣❡ ❛❜♦✈❡ ∼ ✽ ❡❱✱ ❛s ✇❡❧❧ ❛s t❤❡ ♣❤♦t♦❞②♥❛♠✐❝s ✐♥
❛❧❧ ❡❧❡❝tr♦♥✐❝❛❧❧②✲❡①❝✐t❡❞ st❛t❡s ❛r❡ ♦♥❧② ♣❛rt✐❛❧❧② ✉♥❞❡r✲
st♦♦❞✳ ❚❤❡ ✜rst✱ ❢✉♥❞❛♠❡♥t❛❧✱ ❝❤❛❧❧❡♥❣❡ r❡s♣♦♥s✐❜❧❡ ❢♦r
t❤✐s s✐t✉❛t✐♦♥ ✐s t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ♥❡t✇♦r❦ ♦❢ ♥♦♥✲
❛❞✐❛❜❛t✐❝ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ♠✉❧t✐♣❧❡ ❝❧♦s❡✲❧②✐♥❣ ❡❧❡❝tr♦♥✐❝
st❛t❡s✱ ❝❛✉s✐♥❣ ✐♥t❡r♥❛❧ ❝♦♥✈❡rs✐♦♥ ❛♥❞ ✐♥t❡rs②st❡♠ ❝r♦ss✲
✐♥❣ ♦♥ s✐♠✐❧❛r✱ ❢❡♠t♦s❡❝♦♥❞✱ t✐♠❡ s❝❛❧❡s✳ ❚❤❡ s❡❝♦♥❞
❝❤❛❧❧❡♥❣❡ ❝♦♠❡s ❢r♦♠ t❤❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ ✐♦♥✐③❛t✐♦♥ ❡♥✲
❡r❣✐❡s ♦❢ ❙❖2✱ ✇❤✐❝❤ ❤❛✈❡ r❡q✉✐r❡❞ t❤❡ ✉s❡ ♦❢ ♠✉❧t✐♣❤♦✲
t♦♥ ❡①❝✐t❛t✐♦♥ ♦r ✐♦♥✐③❛t✐♦♥ s❝❤❡♠❡s ✐♥ ❛❧❧ ♣r❡✈✐♦✉s ❡①✲
♣❡r✐♠❡♥t❛❧ st✉❞✐❡s✳ ❚❤✐s ❤❛s ❧❡❞ t♦ t❤❡ ✉♥s❛t✐s❢❛❝t♦r②
s✐t✉❛t✐♦♥ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ✐♥✈♦❧✈❡❞ ♣❤♦t♦♥s ❝♦✉❧❞ ♥♦t

❜❡ ✉♥❛♠❜✐❣✉♦✉s❧② ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ ❝❛s❡s ✇❤❡r❡ t✐♠❡✲
❞❡♣❡♥❞❡♥t ✐♦♥ ②✐❡❧❞s ✇❡r❡ ♦❜s❡r✈❡❞✱ ❛♥❞ t♦ ✉♥r❡s♦❧✈❡❞
q✉❡st✐♦♥s ❝♦♥❝❡r♥✐♥❣ t❤❡ r♦❧❡ ♦❢ ✐♥t❡r♠❡❞✐❛t❡ r❡s♦♥❛♥❝❡s
✐♥ t❤❡ ❝❛s❡ ✇❤❡r❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr❛
✇❡r❡ ♠❡❛s✉r❡❞✳ ■♥ t❤❡ ♠♦st r❡❝❡♥t ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦ ❞❡✲
✈♦t❡❞ t♦ t❤❡ ✉❧tr❛❢❛st ❞②♥❛♠✐❝s ♦❢ ❙❖2 ✐♥ ✐ts Ã/B̃ ❜❛♥❞✱
❲✐❧❦✐♥s♦♥ ❡t ❛❧✳✷✷ ✉s❡❞ ♣✉❧s❡s ❝❡♥tr❡❞ ❛r♦✉♥❞ ✸✵✵ ♥♠ t♦
♣r♦❜❡ ✇❛✈❡✲♣❛❝❦❡t ❞②♥❛♠✐❝s ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦♥✐❝❛❧❧②
❝♦✉♣❧❡❞ B̃1B1 ❛♥❞ Ã1A2 st❛t❡s✱ ❛s ✇❡❧❧ ❛s t❤❡ ❧♦✇❡r✲❧②✐♥❣
tr✐♣❧❡t st❛t❡s✳ ❚❤✐s ❛rt✐❝❧❡ r❡♣♦rt❡❞ ♦s❝✐❧❧❛t♦r② ❞②♥❛♠✲
✐❝s ✇❤✐❝❤ ✇❡r❡ ❛ttr✐❜✉t❡❞ t♦ ❛ t✐♠❡✲❞♦♠❛✐♥ s✐❣♥❛t✉r❡ ♦❢
t❤❡ ❈❧❡♠❡♥ts ❜❛♥❞s ❞♦♠✐♥❛t✐♥❣ t❤✐s r❡❣✐♦♥ ♦❢ t❤❡ ❙❖2

❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠✳ ❚❤❡ ♠♦❞✉❧❛t✐♦♥ ❞❡♣t❤ ✇❛s ♦❜✲
s❡r✈❡❞ t♦ ❞❡❝r❡❛s❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❡①❝✐t❛t✐♦♥ ❡♥❡r❣✐❡s✱
❢r♦♠ ✸✵✽ t♦ ✷✾✵ ♥♠✱ ❜✉t ♠❡❛s✉r❡♠❡♥ts ❛t ✷✻✻ ♥♠ ✇❡r❡
♥♦t r❡♣♦rt❡❞✳ ❚❤❡♦r❡t✐❝❛❧ ✇♦r❦ ♣✉❜❧✐s❤❡❞ ❛s ❛ ❝♦♠♣❛♥✐♦♥
❛rt✐❝❧❡✷✼ s❤♦✇❡❞ t❤❛t t❤❡ ♦❜s❡r✈❡❞ ♦s❝✐❧❧❛t✐♦♥s ✇❡r❡ ❞♦♠✲
✐♥❛t❡❞ ❜② ❛ r❡s♦♥❛♥❝❡✲❡♥❤❛♥❝❡❞ ✭✷✰✶✮✲✐♦♥✐③❛t✐♦♥ s❝❤❡♠❡

t❤r♦✉❣❤ t❤❡ G̃ ❘②❞❜❡r❣ st❛t❡✳ ❚❤❡r❡❢♦r❡✱ ✐t r❡♠❛✐♥❡❞
✉♥❝❧❡❛r ✇❤❡t❤❡r t❤❡ ♦❜s❡r✈❡❞ ♦s❝✐❧❧❛t✐♦♥s ✇❡r❡ ❛❝t✉✲
❛❧❧② r❡✢❡❝t✐♥❣ t❤❡ ❝❤❛♥❣✐♥❣ ❡❧❡❝tr♦♥✐❝ ❝❤❛r❛❝t❡r ♦❢ t❤❡
♣❤♦t♦❡①❝✐t❡❞ ✇❛✈❡ ♣❛❝❦❡t ✐♥ t❤❡ Ã/B̃ st❛t❡s ♦r ♠❛✐♥❧②
t❤❡ ♥✉❝❧❡❛r ❞②♥❛♠✐❝s ♦❢ t❤❡ ✇❛✈❡✲♣❛❝❦❡t r❡t✉r♥s t♦ t❤❡
❝♦♥✜❣✉r❛t✐♦♥✲s♣❛❝❡ ✇✐♥❞♦✇ ❡♥❛❜❧✐♥❣ ❡✣❝✐❡♥t r❡s♦♥❛♥❝❡✲
❡♥❤❛♥❝❡❞ ✭✷✰✶✮✲✐♦♥✐③❛t✐♦♥✳ ❚❤✐s ❡①❛♠♣❧❡ ✐❧❧✉str❛t❡s t❤❡
❣❡♥❡r❛❧ ♥❡❝❡ss✐t② ♦❢ ❢❡♠t♦s❡❝♦♥❞ ❱❯❱ ❧✐❣❤t s♦✉r❝❡s t♦
❞✐s❡♥t❛♥❣❧❡ ♠♦❧❡❝✉❧❛r ❡①❝✐t❡❞✲st❛t❡ ❞②♥❛♠✐❝s✳



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

■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦✱ ✇❡ ❢♦❝✉s ♦✉r ❛tt❡♥t✐♦♥ ♦♥ t❤❡ ✉❧✲
tr❛❢❛st ❞②♥❛♠✐❝s ♦❝❝✉rr✐♥❣ ✉♣♦♥ ♣❤♦t♦❡①❝✐t❛t✐♦♥ t♦ t❤❡
Ã/B̃❛♥❞ F̃ st❛t❡s✳ ❚♦ ✉♥❛♠❜✐❣✉♦✉s❧② r❡✈❡❛❧ t❤❡ ❞②♥❛♠✐❝s

♦❢ t❤❡ Ã/B̃ ❛♥❞ F̃ st❛t❡s✱ ✇❡ ✉s❡❞ ❛ t✇♦✲❝♦❧♦r ♣✉♠♣✲♣r♦❜❡
s❝❤❡♠❡ ✐♥ t❤❡ s✐♥❣❧❡✲♣❤♦t♦♥✲❛❜s♦r♣t✐♦♥ r❡❣✐♠❡ t♦ ❛✈♦✐❞
t❤❡ ❝♦♠♣❧✐❝❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② ♠✉❧t✐♣❤♦t♦♥ ♣r♦❝❡ss❡s ✐♥
❜♦t❤ ❡①❝✐t❛t✐♦♥ ❛♥❞ ✐♦♥✐③❛t✐♦♥✳ ❚❤❡ ♣✉♠♣✲♣r♦❜❡ s❝❤❡♠❡
✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳ ❇② r❡❝♦r❞✐♥❣ ❡❧❡❝tr♦♥✲♠♦♠❡♥t✉♠
✐♠❛❣❡s ✇❡ ✇❡r❡ ❛❜❧❡ t♦ ❡❧✉❝✐❞❛t❡ t❤❡ ❞②♥❛♠✐❝s ❛❢t❡r
♣❤♦t♦❡①❝✐t❛t✐♦♥ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ Ã/B̃ ❛♥❞ F̃ ❜❛♥❞s✳
❚❤❡ ❡①❝✐t❛t✐♦♥ ❜② ❛ ✷✻✻✲♥♠ ♣✉❧s❡ ✐♥✐t✐❛t❡s ❛ ♥✉❝❧❡❛r
✇❛✈❡♣❛❝❦❡t ✐♥ t❤❡ ♦♣t✐❝❛❧❧② ❛❧❧♦✇❡❞ B̃1B1 st❛t❡✱ ✇❤✐❝❤
✉♥❞❡r❣♦❡s r❛♣✐❞ ✐♥t❡r♥❛❧ ❝♦♥✈❡rs✐♦♥ t♦ t❤❡ ❞❛r❦ Ã1A2

st❛t❡✳ ❚❤✐s s✐t✉❛t✐♦♥ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✶ ♣❛♥❡❧ ✭❛✮✳
❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr❛ ♦❢ ❋✐❣✉r❡ ✶✱ t❤✐s
❡♥❡r❣② r❡❣✐♦♥ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❤✐❣❤ ❞❡♥s✐t② ♦❢ ✈✐✲
❜r♦♥✐❝ st❛t❡s ❢♦r♠✐♥❣ ❛ q✉❛s✐✲❝♦♥t✐♥✉✉♠✱ ✇❤✐❝❤ s✉♣♣♦rts
❝♦♠♣❧❡① ✇❛✈❡✲♣❛❝❦❡t ❞②♥❛♠✐❝s✳ ❲❛✈❡✲♣❛❝❦❡t ♣r♦♣❛❣❛✲
t✐♦♥ ♦♥ ♣♦t❡♥t✐❛❧✲❡♥❡r❣② s✉r❢❛❝❡s ❢r♦♠ ❤✐❣❤✲❧❡✈❡❧ ❛❜ ✐♥✐t✐♦

❝❛❧❝✉❧❛t✐♦♥s ♥❡✈❡rt❤❡❧❡ss ♣r❡❞✐❝t ❛ ♣❡r✐♦❞✐❝ ❡✈♦❧✉t✐♦♥ ♦❢
t❤❡ ❞✐❛❜❛t✐❝ ♣♦♣✉❧❛t✐♦♥s ✐♥ t❤❡ B̃ 1❇1 ❛♥❞ Ã 1❆2 st❛t❡s
✇✐t❤ ❛ ♣❡r✐♦❞ ♦❢ ∼✶✷✵ ❢s ❛♥❞ ❛ ❝♦♥tr❛st ♦❢ ✉♣ t♦ ✷✺ ✪✸✽✳
❊①❝✐t❛t✐♦♥ ❛t ✶✸✸ ♥♠ ❛❧❧♦✇s ✉s t♦ ❡①♣❧♦r❡ t❤❡ ❞②♥❛♠✐❝s

♦❢ t❤❡ F̃ ❜❛♥❞✱ ✇❤✐❝❤ t♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡✱ ❤❛✈❡
♥♦t ❜❡❡♥ st✉❞✐❡❞ ❜② ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr♦s❝♦♣② ❜❡❢♦r❡✳
❚❤❡ ❡①❝✐t❛t✐♦♥ ❜② ✶✸✸✲♥♠ ♣✉❧s❡s ♣r♦✈✐❞❡s ❞✐r❡❝t s✐♥❣❧❡✲
♣❤♦t♦♥ ❛❝❝❡ss t♦ t❤❡ F̃ ❜❛♥❞✱ ✇❤❡r❡ t❤❡ ♦♥s❡t ♦❢ ❘②❞❜❡r❣
s❡r✐❡s ❛r❡ ♣r❡❞✐❝t❡❞✸✼✳ Pr❡✈✐♦✉s ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦ ♦❢
❩❤❛♥❣ ❡t ❛❧✳✷✽✱ st✉❞②✐♥❣ t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ✐♦♥ ②✐❡❧❞s
❛❢t❡r ♠✉❧t✐✲♣❤♦t♦♥ ❡①❝✐t❛t✐♦♥ t♦ t❤❡ F̃ ❜❛♥❞✱ s✉❣❣❡st❡❞
❞✐ss♦❝✐❛t✐✈❡ ❞②♥❛♠✐❝s t♦ t❛❦❡ ♣❧❛❝❡ ♦♥ t❤❡ t✐♠❡ s❝❛❧❡ ♦❢
❛ ❢❡✇✲♣✐❝♦s❡❝♦♥❞ t✐♠❡ s❝❛❧❡✳
❚❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ■■ ❞❡s❝r✐❜❡s

t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛♥❞ s✉♠♠❛r✐③❡s t❤❡ t②♣✐❝❛❧ ❡①✲
♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ✉s❡❞ ❢♦r r❡❝♦r❞✐♥❣ ❡❧❡❝tr♦♥ ✐♠❛❣❡s✱
❢♦❧❧♦✇❡❞ ❜② t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❞❛t❛ ❛♥❛❧②s✐s✳ ❙❡❝✲
t✐♦♥ ■■■ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❛♥❞ t❤❡ ❞✐s❝✉ss✐♦♥ ♦❢ t✐♠❡✲
r❡s♦❧✈❡❞ ✐♦♥ ❛♥❞ ❡❧❡❝tr♦♥ ②✐❡❧❞s✱ ❛s ✇❡❧❧ ❛s t❤♦s❡ ♦❢ t✐♠❡✲
❛♥❞ ❛♥❣❧❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr❛✳ ❊❛❝❤ ♦❢ t❤❡s❡
r❡s✉❧ts ✐s ❞✐s❝✉ss❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❡❧❡❝t❡❞ ♣✉♠♣✲♣r♦❜❡
s❝❤❡♠❡ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ r❡❧❡✈❛♥t t❤❡♦r❡t✐❝❛❧ ❛♥❞
❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦✳ ❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r
❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ s❡❝t✐♦♥ ■❱✳

■■✳ ❊❳P❊❘■▼❊◆❚

❆❧❧ ❞❛t❛ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡ ❤❛✈❡ ❜❡❡♥ r❡❝♦r❞❡❞
✉s✐♥❣ ❛ t✇♦✲❝♦❧♦r ♣✉♠♣✲♣r♦❜❡ s❝❤❡♠❡ ✉t✐❧✐③✐♥❣ ❧♦✇✲♦r❞❡r✲
❤❛r♠♦♥✐❝ ❣❡♥❡r❛t✐♦♥ ✭▲❖❍●✮ ✐♥ ❛ s❡♠✐✲✐♥✜♥✐t❡ ❣❛s ❝❡❧❧✱
❛♥❞ ❛ ✈❡❧♦❝✐t②✲♠❛♣✲✐♠❛❣✐♥❣ s♣❡❝tr♦♠❡t❡r ✭❱▼■❙✮✸✾✱✹✵✳
❚❤❡ s❡t✉♣ ✐s s❝❤❡♠❛t✐❝❛❧❧② ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳
❲❡ ✉s❡❞ ✶✳✺ ♠❏ ♣✉❧s❡s ✇✐t❤ ✸✺ ❢s ❞✉r❛t✐♦♥ ❢r♦♠ ❛

❚✐✿❙❛ r❡❣❡♥❡r❛t✐✈❡ ❛♠♣❧✐✜❡r ♦♣❡r❛t✐♥❣ ❛t ✶ ❦❍③ ❛♥❞ ✉s❡❞
❛ ✼✵✿✸✵ ❜❡❛♠ s♣❧✐tt❡r✳ ❚❤❡ tr❛♥s♠✐tt❡❞ ❜❡❛♠ ✇❛s ❞❡✲
❧❛②❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ r❡✢❡❝t❡❞ ❜❡❛♠ ✉s✐♥❣ ❛ ♠♦t♦r✲
✐③❡❞ ❞❡❧❛② st❛❣❡✳ ❆❢t❡r t❤❡ ❞❡❧❛② st❛❣❡✱ t❤❡ tr❛♥s♠✐tt❡❞
❜❡❛♠ ✇❛s ❢r❡q✉❡♥❝② ❞♦✉❜❧❡❞ ✉s✐♥❣ ❛ ✸✵✵ µ♠ t❤✐❝❦ β✲

❋✐❣✉r❡ ✷✳ ❙❝❤❡♠❛t✐❝ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❝♦♥✲
s✐st✐♥❣ ♦❢ ❛ t✇♦✲❝♦❧♦r ♣✉♠♣✲♣r♦❜❡ ✐♥t❡r❢❡r♦♠❡t❡r ❛♥❞ ✈❡❧♦❝✐t②✲
♠❛♣✲✐♠❛❣✐♥❣ s♣❡❝tr♦♠❡t❡r ✭❱▼■❙✮✳

❜❛r✐✉♠ ❜♦r❛t❡ ❝r②st❛❧ ✭❇❇❖✮ t♦ ♦❜t❛✐♥ ❛ ✹✵✵ ♥♠ ❜❡❛♠✳
❚❤❡ s❡❝♦♥❞✲❤❛r♠♦♥✐❝ ❜❡❛♠ ✇❛s s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ❢✉♥✲
❞❛♠❡♥t❛❧ ❜② r❡✢❡❝t✐♦♥s ♦♥ t✇♦ ❞✐❝❤r♦✐❝ ♠✐rr♦rs ❛♥❞ t❤❡♥
❢♦❝✉s❡❞ ❜② ❛ ❢ ❂ ✺✵✵ ♠♠ ❧❡♥s ✐♥t♦ ❛ s❡♠✐✲✐♥✜♥✐t❡ ❣❛s ❝❡❧❧
✜❧❧❡❞ ✇✐t❤ ✶✷ ♠❜❛r ♦❢ ❳❡✳ ❚❤❡ ♣r❡ss✉r❡ ♦❢ t❤❡ ❣❡♥❡r❛t✐♦♥
❣❛s ✇❛s ❝❤♦s❡♥ s✉❝❤ t❤❛t t❤❡ t❤✐r❞ ❤❛r♠♦♥✐❝ ♦❢ ✹✵✵ ♥♠
✭✶✸✸ ♥♠✮ ✇❛s ♦♣t✐♠✐③❡❞✳ ❯♥❞❡r t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ ♥♦ ♣❤♦✲
t♦❡❧❡❝tr♦♥s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ✜❢t❤ ❤❛r♠♦♥✐❝ ✭✽✵ ♥♠✮
♦r ❤✐❣❤❡r ♦r❞❡rs ✇❡r❡ ♦❜s❡r✈❡❞✳ ❚❤❡ r❡✢❡❝t❡❞ ❜❡❛♠✱ ❛❢t❡r
t❤❡ ❜❡❛♠✲s♣❧✐tt❡r✱ ✇❛s ✉s❡❞ ❢♦r t❤❡ t❤✐r❞✲❤❛r♠♦♥✐❝ ❣❡♥✲
❡r❛t✐♦♥ ❣✐✈✐♥❣ ❛♥ ♦✉t♣✉t ❜❡❛♠ ❝❡♥t❡r❡❞ ❛r♦✉♥❞ ✷✻✻ ♥♠✳
❇♦t❤ ❜❡❛♠s ✇❡r❡ ❣✉✐❞❡❞ ✐♥t♦ ❛ ✈❛❝✉✉♠ ❝❤❛♠❜❡r ✇❤❡r❡

t❤❡② ✇❡r❡ ❢♦❝✉s❡❞ ♥♦♥✲❝♦❧❧✐♥❡❛r❧② ✭✇✐t❤ ❛ ❝r♦ss✐♥❣ ❛♥❣❧❡
♦❢ ❧❡ss t❤❛♥ 1◦✮✱ ❜② t✇♦ s♣❤❡r✐❝❛❧ ♠✐rr♦rs ✭❢ ❂ ✵✳✺ ♠ ❛♥❞
❢ ❂ ✶ ♠ ❢♦r ✷✻✻ ♥♠✮✳ ▼✐rr♦rs ❢♦r t❤❡ ✷✻✻ ♥♠ ❜❡❛♠ ✇❡r❡
❝♦❛t❡❞ ✐♥ s✉❝❤ ❛ ✇❛② t♦ tr❛♥s♠✐t t❤❡ r❡s✐❞✉❛❧ ✽✵✵ ♥♠
❛♥❞ ✹✵✵ ♥♠ ❜❡❛♠s ❢r♦♠ t❤❡ t❤✐r❞✲❤❛r♠♦♥✐❝✲❣❡♥❡r❛t✐♦♥
♣r♦❝❡ss✳ ❚❤❡ ♠✐rr♦rs ✇❡r❡ ✜①❡❞ ♦♥ ♠♦t♦r✐③❡❞ ♠♦✉♥ts
❛❧❧♦✇✐♥❣ ❢♦r ✜♥❡ ❛❞❥✉st♠❡♥t ♦❢ t❤❡ s♣❛t✐❛❧ ♦✈❡r❧❛♣ ✉♥❞❡r
✈❛❝✉✉♠✳ ❚❤❡ ❜❡❛♠s ✇❡r❡ ❢♦❝✉s❡❞ t❤r♦✉❣❤ ❛ s♠❛❧❧ s❧✐t
✭15 × 5 ♠♠2✮ s❡♣❛r❛t✐♥❣ t❤❡ ♠✐rr♦r ❝❤❛♠❜❡r ❢r♦♠ t❤❡
❱▼■ s♣❡❝tr♦♠❡t❡r ❢♦r ♦♣t✐♠❛❧ ❞✐✛❡r❡♥t✐❛❧ ♣✉♠♣✐♥❣✳
❆ ✶✪ ♠✐①t✉r❡ ♦❢ ❙❖2 ✭P❛♥●❛s ✾✾✳✾✾✺✪ ♣✉r✐t②✮ ✐♥ ◆❡

✇❛s ❡①♣❛♥❞❡❞ t❤r♦✉❣❤ ❛ ♣✉❧s❡❞ ✈❛❧✈❡ ✭❊✈❡♥✲▲❛✈✐❡✱ ♦r✐✲
✜❝❡ ✶✺✵ µ♠✮ ✇♦r❦✐♥❣ ❛t ❛ r❡♣❡t✐t✐♦♥ r❛t❡ ♦❢ ✶ ❦❍③ ✉s✲
✐♥❣ ❛ ❜❛❝❦✐♥❣ ♣r❡ss✉r❡ ♦❢ ❛❜♦✉t ✷ ❜❛r t♦ ❢♦r♠ ❛ s✉♣❡r✲
s♦♥✐❝ ♠♦❧❡❝✉❧❛r ❜❡❛♠✳ ❚❤❡ ❣❛s ❥❡t ✇❛s s❦✐♠♠❡❞ ❜② ❛
✺✵✵ µ♠ s❦✐♠♠❡r ❛♥❞ ♣r♦♣❛❣❛t❡❞ ✶✺ ❝♠ ❞♦✇♥str❡❛♠ t♦
r❡❛❝❤ t❤❡ ✐♥t❡r❛❝t✐♦♥ r❡❣✐♦♥ ✇❤❡r❡ ✐t ✇❛s ✐♦♥✐③❡❞ ❜② t❤❡
❝♦♠❜✐♥❡❞ ❛❝t✐♦♥ ♦❢ t❤❡ ❧❛s❡r ❜❡❛♠s✳ ❆ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥
♦❢ ✶✵✷ ❢s ✭❋❲❍▼✮ ✇❛s ❞❡t❡r♠✐♥❡❞ ❜② t✇♦✲❝♦❧♦r ✐♦♥✐③❛✲
t✐♦♥ ♦❢ ❳❡ ✭s❡❡ ❋✐❣✉r❡ ✸✮✳ ❚❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥
✇❛s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❞✉r✐♥❣ ❞❛t❛ ❛♥❛❧②s✐s ❛s ❛♥ ✐♥str✉✲
♠❡♥t r❡s♣♦♥s❡ ❢✉♥❝t✐♦♥✳ ❊❥❡❝t❡❞ ❡❧❡❝tr♦♥s ✇❡r❡ ✐♠❛❣❡❞
✉s✐♥❣ ❡❧❡❝tr♦st❛t✐❝ ❧❡♥s❡s ❢✉❧✜❧❧✐♥❣ ❱▼■ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ❛
♠✐❝r♦❝❤❛♥♥❡❧✲♣❧❛t❡ ✭▼❈P✮ ❞❡t❡❝t♦r ✐♥ ❛ ❈❤❡✈r♦♥ ❝♦♥✜❣✲
✉r❛t✐♦♥✳ ❊❧❡❝tr♦♥ ✐♠❛❣❡s ✇❡r❡ r❡❝♦r❞❡❞ ✉s✐♥❣ ❛ r❛t✐♦ ♦❢
❡❧❡❝tr✐❝ ♣♦t❡♥t✐❛❧s ♦♥ t❤❡ r❡♣❡❧❧❡r ✭❘✮ ❛♥❞ ❡①tr❛❝t♦r ✭❊✮
❡❧❡❝tr♦❞❡s ♦❢ VR : VE = 5 : 4✳
❚✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr❛ ✭❚❘P❊❙✮ ✇❡r❡

r❡❝♦r❞❡❞ ❢♦r ♣✉♠♣✲♣r♦❜❡ ❞❡❧❛②s ❜❡t✇❡❡♥ −1 ❛♥❞ +1 ♣s
✐♥ st❡♣s ♦❢ ✷✵ ❢s✳ ❚❤❡ ♥❡❣❛t✐✈❡ ❞❡❧❛②s r❡❢❡r t♦ t❤❡ s✐t✉✲
❛t✐♦♥ ✇❤❡r❡ t❤❡ ✷✻✻✲♥♠ ♣✉❧s❡ ❛rr✐✈❡s ❜❡❢♦r❡ t❤❡ ✶✸✸✲♥♠



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

❋✐❣✉r❡ ✸✳ ❊①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞ ♥♦♥✲r❡s♦♥❛♥t ❝r♦ss✲
❝♦rr❡❧❛t✐♦♥ ✐♥ ❳❡ ✉s✐♥❣ ✷✻✻✲♥♠ ❛♥❞ ✶✸✸✲♥♠ ♣✉❧s❡s✳ ❆ s✐♥❣❧❡✲
●❛✉ss✐❛♥ ✜t ✇❛s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥
❋❲❍▼❝❝✳

♣✉❧s❡✳ ❚❤❡ ❚❘P❊❙ s♣❡❝tr✉♠ ✇❛s ❝♦♥str✉❝t❡❞ ❢r♦♠ ♠❡❛✲
s✉r❡❞ ❞❛t❛ ❛s ❢♦❧❧♦✇s✳ ❋♦r ❡❛❝❤ t✐♠❡ st❡♣✱ t❤r❡❡ ♣❤♦t♦✲
❡❧❡❝tr♦♥ ✐♠❛❣❡s ✇❡r❡ r❡❝♦r❞❡❞✿ ♦♥❡ t✇♦✲❝♦❧♦r ✐♠❛❣❡ ❛♥❞
t✇♦ ♦♥❡✲❝♦❧♦r ✐♠❛❣❡s ✭✇❤❡r❡ ♦♥❡ ♦❢ t❤❡ t✇♦ ❜❡❛♠s ✇❛s
❜❧♦❝❦❡❞✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❖♥❡✲❝♦❧♦r ❞❛t❛ ✇❡r❡ t❤❡♥ s✉❜✲
tr❛❝t❡❞ ❢r♦♠ t❤❡ t✇♦✲❝♦❧♦r ❞❛t❛ t♦ ♦❜t❛✐♥ ❜❛❝❦❣r♦✉♥❞✲
❢r❡❡ ❞❛t❛ ❝♦♥t❛✐♥✐♥❣ ♦♥❧② ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ t✇♦✲
❝♦❧♦r ❜❡❛♠s✳ ❚❤❡s❡ ✐♠❛❣❡s ✇❡r❡ ✐♥✈❡rt❡❞ ✉s✐♥❣ ❛ ♣❇❛s❡①
✐♥✈❡rs✐♦♥ ♠❡t❤♦❞✹✶✳ ✸✹ s❝❛♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ s❡r✐❛❧❧② ❛♥❞
t❤❡ t♦t❛❧ ②✐❡❧❞s ✇❡r❡ ✐♥t❡❣r❛t❡❞ ❢♦r ❡❛❝❤ ❞❡❧❛② st❡♣✳ ❋✐✲
♥❛❧❧②✱ t❤❡ ❚❘P❊❙ s♣❡❝tr✉♠ ✇❛s ❝♦♥str✉❝t❡❞ ❢r♦♠ ❛✈❡r✲
❛❣❡❞ ✐♠❛❣❡s ❜② ♥✉♠❡r✐❝❛❧ ✐♥t❡❣r❛t✐♦♥✳ ❈❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡
❡♥❡r❣② ❛①✐s ✇❛s ❞♦♥❡ ✉s✐♥❣ ❳❡ ♠❡❛s✉r❡♠❡♥ts r❡❝♦r❞❡❞
✉♥❞❡r t❤❡ s❛♠❡ ❱▼■ ❝♦♥❞✐t✐♦♥s✳

■■■✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆

❆✳ ❚✐♠❡✲❞❡♣❡♥❞❡♥t ✐♦♥ ②✐❡❧❞s

❲❡ ✜rst ❞✐s❝✉ss t❤❡ t✐♠❡✲r❡s♦❧✈❡❞ ✐♦♥✲②✐❡❧❞ ♠❡❛s✉r❡✲
♠❡♥ts✳ ❚❤❡ t✐♠❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❙❖+

2 ②✐❡❧❞ ✐s s✉♠✲
♠❛r✐③❡❞ ✐♥ ❋✐❣✉r❡ ✹✳ ❚❤❡ ♥❡❣❛t✐✈❡✲❞❡❧❛② s✐❞❡ s❤♦✇s
❛ ❞❡❝❛② ♦❢ t❤❡ ✐♦♥ s✐❣♥❛❧ ✇✐t❤✐♥ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥
t✐♠❡ t♦ ❛ s✐❣♥❛❧ ❧❡✈❡❧ t❤❛t r❡♠❛✐♥s ❝♦♥st❛♥t ❢♦r✱ ❛t
❧❡❛st✱ s❡✈❡r❛❧ ♣✐❝♦s❡❝♦♥❞s✳ ❚❤✐s ✐s ❡①♣❧❛✐♥❡❞ ❜② t❤❡
❢❛❝t t❤❛t t❤❡ ✷✻✻✲♥♠ ♣✉❧s❡ ❡①❝✐t❡s ❙❖2 t♦ t❤❡ ❜♦✉♥❞
B̃ 1❇1 st❛t❡ ✇❤✐❝❤ ✉♥❞❡r❣♦❡s r❛♣✐❞ ✐♥t❡r♥❛❧ ❝♦♥✈❡rs✐♦♥ t♦
t❤❡ Ã 1❆2 st❛t❡ ❛♥❞ ✐♥t❡rs②st❡♠ ❝r♦ss✐♥❣ t♦ t❤r❡❡ ❧♦✇❡r✲
❧②✐♥❣ tr✐♣❧❡t st❛t❡s✷✷✱✷✻✳ ❆❧❧ ♦❢ t❤❡s❡ ✜✈❡ st❛t❡s ❛r❡ ❜♦✉♥❞✳
❚❤❡ ♣♦♣✉❧❛t✐♦♥ ❞②♥❛♠✐❝s ❢♦❧❧♦✇✐♥❣ ❡①❝✐t❛t✐♦♥ ❛t ✷✻✻ ♥♠
❤❛s ❜❡❡♥ ❝❛❧❝✉❧❛t❡❞ ❢♦❧❧♦✇✐♥❣ t❤❡ ♠❡t❤♦❞s ❞❡s❝r✐❜❡❞ ✐♥
❘❡❢✳✷✼✳ ❚❤✐s ❝❛❧❝✉❧❛t✐♦♥✱ ❛s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝✲
t✐♦♥✱ ♣r❡❞✐❝ts ♣♦♣✉❧❛t✐♦♥ tr❛♥s❢❡r ❜❡t✇❡❡♥ t❤❡ ❞✐❛❜❛t✐❝
B̃ 1❇1 ❛♥❞ Ã 1❆2 st❛t❡s ✇✐t❤ ❛ ♣❡r✐♦❞ ♦❢ ∼ ✶✷✵ ❢s✸✽✳ ❚❤✐s
♣❡r✐♦❞ ✇♦✉❧❞ ❝❧❡❛r❧② ❜❡ r❡s♦❧✈❡❞ ✉♥❞❡r t❤❡ ❝♦♥❞✐t✐♦♥s
♦❢ ♦✉r ❡①♣❡r✐♠❡♥t✳ ■ts ❛❜s❡♥❝❡ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ✐♦♥
②✐❡❧❞ t❤❡r❡❢♦r❡ s❤♦✇s t❤❛t ♦♥❡✲♣❤♦t♦♥ ✐♦♥✐③❛t✐♦♥ ❛t ✶✸✸

♥♠ ✐s ♥♦t s❡♥s✐t✐✈❡ t♦ t❤❡ ❞②♥❛♠✐❝s ♦❢ ✐♥t❡r♥❛❧ ❝♦♥✈❡r✲
s✐♦♥ t❛❦✐♥❣ ♣❧❛❝❡ ❛t t❤❡ ❝♦♥✐❝❛❧ ✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡
B̃ 1❇1 ❛♥❞ Ã 1❆2 st❛t❡s✳

❚❤❡ ♣♦s✐t✐✈❡✲❞❡❧❛② s✐❞❡ ♦❢ ❋✐❣✳ ✹ s❤♦✇s ❛♥ ❡①♣♦♥❡♥✲
t✐❛❧ ❞❡❝❛② t♦ ③❡r♦ s✐❣♥❛❧ ❧❡✈❡❧✱ ✇❤✐❝❤ ✐s ✇❡❧❧ r❡♣r❡s❡♥t❡❞
❜② ❛ s✐♥❣❧❡✲❡①♣♦♥❡♥t✐❛❧ ❢✉♥❝t✐♦♥ ✇✐t❤ ❛ t✐♠❡ ❝♦♥st❛♥t
♦❢ ✽✵±✷✼ ❢s ❝♦♥✈♦❧✉t❡❞ ✇✐t❤ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝✲
t✐♦♥✳ P❤♦t♦❡①❝✐t❛t✐♦♥ ❛t ✶✸✸ ♥♠ ♣♦♣✉❧❛t❡s t❤❡ s♦✲
❝❛❧❧❡❞ F̃✲❜❛♥❞ ♦❢ ❙❖2 ❛t ✾✳✸ ❡❱ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ❛ss✐❣♥❡❞
t♦ t❤❡ ❧♦✇❡st✲❧②✐♥❣ ❘②❞❜❡r❣ st❛t❡ ❝♦♥✈❡r❣✐♥❣ t♦ t❤❡
X̃+ 2❆1 st❛t❡ ♦❢ t❤❡ ✐♦♥✳ ❈❛❧❝✉❧❛t✐♦♥s ❧♦❝❛t❡ t❤❡ ❧♦✇❡st✲
❧②✐♥❣ s✐♥❣❧❡t ❘②❞❜❡r❣ st❛t❡ ♦❢ ❞♦♠✐♥❛♥t s✲❝❤❛r❛❝t❡r ✐♥
t❤✐s ❡♥❡r❣② r❡❣✐♦♥✸✼✳ ❙✐♥❝❡ t❤✐s ❘②❞❜❡r❣ st❛t❡ ✐s ♠♦st
♣r♦❜❛❜❧② ❜♦✉♥❞✱ ❥✉st ❛s t❤❡ X̃+ 2❆1 st❛t❡ t♦ ✇❤✐❝❤ ✐t
❝♦♥✈❡r❣❡s✱ t❤❡ r❛♣✐❞ ♦❜s❡r✈❡❞ ❞❡❝❛② ✐s ♠♦st ❧✐❦❡❧② t♦
❜❡ ❝❛✉s❡❞ ❜② ♣r❡❞✐ss♦❝✐❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② ❝♦✉♣❧✐♥❣ t♦ ❛
r❡♣✉❧s✐✈❡ ❘②❞❜❡r❣ ♦r ✈❛❧❡♥❝❡ st❛t❡✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ✐s
s✉♣♣♦rt❡❞ ❜② t❤❡ t✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s✐❣♥❛❧s ❞✐s✲
❝✉ss❡❞ ❜❡❧♦✇✳

■♥ ❝♦♥tr❛st t♦ ♣❤♦t♦❡①❝✐t❛t✐♦♥ ♦❢ ❙❖2 ❛r♦✉♥❞ ✷✻✻ ♥♠✱
✇❤✐❝❤ ❤❛s ❜❡❡♥ st✉❞✐❡❞ ❜② ❞✐✛❡r❡♥t ♠❡t❤♦❞s✱ ♦♥❧② ❛ s✐♥✲
❣❧❡ t✐♠❡✲r❡s♦❧✈❡❞ st✉❞② ♦❢ ❡①❝✐t❡❞✲st❛t❡ ❞②♥❛♠✐❝s ❢♦❧❧♦✇✲
✐♥❣ ♣❤♦t♦❡①❝✐t❛t✐♦♥ t♦ t❤❡ ✾✳✸ ❡❱ ❡♥❡r❣② r❛♥❣❡ ❤❛s ❜❡❡♥
r❡♣♦rt❡❞✳ ■t ✐s ❛ ♠✉❧t✐♣❤♦t♦♥✲❡①❝✐t❛t✐♦♥ ❢❡♠t♦s❡❝♦♥❞ ✐♦♥✲
②✐❡❧❞ ♠❡❛s✉r❡♠❡♥t ❜② ❩❤❛♥❣ ❛♥❞ ❝♦✲✇♦r❦❡rs✷✽✳ ❚❤❡s❡
❛✉t❤♦rs ✐♥✈❡st✐❣❛t❡❞ t✐♠❡✲r❡s♦❧✈❡❞ ✐♦♥ ②✐❡❧❞s ♦❢ t❤❡ ♣❛r✲
❡♥t ✐♦♥ ✭❙❖+

2 ✮ ❛♥❞ t❤❡ ❢r❛❣♠❡♥t ✐♦♥s ✭❙❖+✱ ❙+✱ ❛♥❞ ❖+✮✳
❇✐❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛②s ✇❡r❡ ✜tt❡❞ t♦ ❛❧❧ tr❛♥s✐❡♥ts✳ ❋♦r
❙❖+

2 ✱ ❛ ❢❛st ❞❡❝❛② ❝♦♠♣♦♥❡♥t ♦❢ ✷✽✵ ❢s ❛♥❞ ❛ s❧♦✇ ❞❡❝❛②
❝♦♠♣♦♥❡♥t ♦❢ ✷✳✾✺ ♣s ✇❛s ♦❜t❛✐♥❡❞✳ ❚❤❡ ❢❛st ❝♦♠♣♦♥❡♥t
✇❛s ❛ttr✐❜✉t❡❞ t♦ ❛ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ F̃ ❛♥❞ Ẽ st❛t❡s✱
✇❤❡r❡❛s t❤❡ s❧♦✇ ❝♦♠♣♦♥❡♥t ✇❛s ❛ss✐❣♥❡❞ t♦ ❞✐r❡❝t ❞✐s✲
s♦❝✐❛t✐♦♥ ❢r♦♠ t❤❡ F̃ st❛t❡✳ ■♥ ♦✉r t✐♠❡✲r❡s♦❧✈❡❞ ❙❖+

2 ✐♦♥
②✐❡❧❞✱ t❤❡r❡ ✐s ♥♦ ❡✈✐❞❡♥❝❡ ❢♦r ❛ ❧♦♥❣✲❧✐✈❡❞ ✭♣s✮ ❝♦♠♣♦♥❡♥t
❛♥❞ ♦✉r s❤♦rt t✐♠❡ ❝♦♥st❛♥t ✭✽✵±✷✼ ❢s✮ ✐s ♠✉❝❤ s❤♦rt❡r
t❤❛♥ t❤❛t ♦❢ ❩❤❛♥❣ ❡t ❛❧✳✳

❚❤✐s ❞✐s❝r❡♣❛♥❝② ✐s ♣r♦❜❛❜❧② ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❤✐❣❤❡r
♣✉♠♣ ✐♥t❡♥s✐t② ✉s❡❞ ✐♥ ❘❡❢✳✷✽✳ ■t ✐s ✐♥❞❡❡❞ ✈❡r② ❧✐❦❡❧②
t❤❛t ❞②♥❛♠✐❝s ✐♥ ❧♦✇✲❧②✐♥❣ ❡①❝✐t❡❞ st❛t❡s ♦❢ ❙❖+

2 ❝♦♥✲
tr✐❜✉t❡ t♦ t❤❡ r❡s✉❧ts ✐♥ ❘❡❢✳✷✽✱ ❜❡❝❛✉s❡ ✐t ✐s ✐♠♣♦ss✐❜❧❡
t♦ ❡①❝✐t❡ ❛♥ ❛♣♣r❡❝✐❛❜❧❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡s ✇✐t❤
✷ ♣❤♦t♦♥s ❛t ✷✻✻ ♥♠ ✇✐t❤♦✉t ❛❜s♦r❜✐♥❣ ❛ t❤✐r❞ ♣❤♦t♦♥✱
✇❤✐❝❤ ✇♦✉❧❞ ❧❡❛✈❡ ❙❖+

2 ✐♥ ❛♥② ♦❢ ✐ts X̃+ 2❆1 ✱ Ã+ 2❇2 ♦r

B̃+ 2❆2 st❛t❡s✳ ❆ t✐♠❡✲r❡s♦❧✈❡❞ ✐♦♥✲②✐❡❧❞ ♠❡❛s✉r❡♠❡♥t
❞♦❡s ✐♥❞❡❡❞ ♥♦t ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❞②♥❛♠✐❝s t❛❦✐♥❣
♣❧❛❝❡ ✐♥ t❤❡ ♥❡✉tr❛❧ ❛s ♦♣♣♦s❡❞ t♦ t❤❡ ✐♦♥✐❝ ♠❛♥✐❢♦❧❞s
♦❢ ❡❧❡❝tr♦♥✐❝ st❛t❡s✳ ❖✉r ❡①♣❡r✐♠❡♥ts✱ ✐♥ ❝♦♥tr❛st✱ ❛r❡
❝❛rr✐❡❞ ♦✉t ✐♥ t❤❡ r❡❣✐♠❡ ♦❢ s✐♥❣❧❡✲♣❤♦t♦♥ ♣r♦❝❡ss❡s ❢♦r
❜♦t❤ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ♣✉❧s❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❡❝❛② ♦❢ t❤❡
❙❖+

2 s✐❣♥❛❧ ✐♥ ♦✉r ♠❡❛s✉r❡♠❡♥ts ❝❛♥ s❛❢❡❧② ❜❡ ❛ss✐❣♥❡❞

t♦ ❞②♥❛♠✐❝s ✐♥✐t✐❛t✐♥❣ ✐♥ t❤❡ F̃ st❛t❡✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥
✐s ❢✉rt❤❡r ❝♦rr♦❜♦r❛t❡❞ ❜② t✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥
♠❡❛s✉r❡♠❡♥ts ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳



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

❋✐❣✉r❡ ✹✳ ❚✐♠❡✲❞❡♣❡♥❞❡♥t ✐♦♥ ②✐❡❧❞ ❢♦r ❙❖+

2 ✳ ❚❤❡ r❡❞ ❞❛s❤✲
❞♦tt❡❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ s✐❣♥❛❧ ❞❡✲
t❡r♠✐♥❡❞ ✐♥ ❳❡ ✭s❡❡ ❋✐❣✉r❡ ✸✮✳ ❚❤❡ ❜❧✉❡ ❧✐♥❡ ✐s ❛ ♠♦♥♦✲
❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛② ❝♦♥✈♦❧✉t❡❞ ✇✐t❤ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝✲
t✐♦♥✳

❇✳ ❚✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr❛

❚❤❡ ❚❘P❊❙ s♣❡❝tr❛ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺ ❛s ❛ ❢✉♥❝✲
t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ ❡♥❡r❣② ❛♥❞ t❤❡ t✐♠❡ ❞❡❧❛② ❜❡✲
t✇❡❡♥ t❤❡ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ♣✉❧s❡s✳ ❆ ✜rst ✐♥s♣❡❝t✐♦♥ ♦❢
t❤❡ ✷❉ ♠❛♣ r❡✈❡❛❧s ❛♥ ✐♥t❡♥s❡ ❢❡❛t✉r❡ ❛r♦✉♥❞ t✐♠❡ ③❡r♦✱
✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ♦♥❡ ♣❤♦t♦♥ ❢r♦♠
❡❛❝❤ ♣✉❧s❡✳ ❆t ♥❡❣❛t✐✈❡ ❞❡❧❛②s✱ ❛ ❜r♦❛❞ ❢❡❛t✉r❡ ❝♦✈❡r✲
✐♥❣ ❡♥❡r❣✐❡s ❢r♦♠ ✵ ❡❱ ✉♣ t♦ ∼✵✳✻ ❡❱ ✐s ♦❜s❡r✈❡❞✱ ✇❤✐❝❤
✐s ❛❜♦✉t t❡♥ t✐♠❡s ✇❡❛❦❡r t❤❛♥ t❤❡ s✐❣♥❛❧ ❛t t✐♠❡ ③❡r♦✳
❆t ♣♦s✐t✐✈❡ ❞❡❧❛②s✱ ❛ r❛♣✐❞❧② ❞❡❝❛②✐♥❣ ❢❡❛t✉r❡ ❝❛♥ ❜❡ ♦❜✲
s❡r✈❡❞ ❛r♦✉♥❞ ✶✳✺ ❡❱✳ ❆ ♠✉❝❤ ✇❡❛❦❡r s✐❣♥❛❧ ✐s ♦❜s❡r✈❡❞
❛t ♣♦s✐t✐✈❡ ❞❡❧❛②s ❜❡t✇❡❡♥ ✵ ❡❱ ❛♥❞ ∼✵✳✸ ❡❱✳

❉❡t❛✐❧❡❞ ❛♥❛❧②s✐s ♦❢ t❤❡ ❚❘P❊❙ s♣❡❝tr✉♠

■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❞✐s❝✉ss t❤❡ ❚❘P❊❙ ❞❛t❛ ✐♥ ♠♦r❡ ❞❡✲
t❛✐❧✳ ❚♦ s✐♠♣❧✐❢② t❤❡ ❞✐s❝✉ss✐♦♥✱ ✇❡ s✉❜❞✐✈✐❞❡ t❤✐s s❡❝t✐♦♥
✐♥t♦ t✇♦ ♣❛rts✿ ✭✐✮ ♥❡❣❛t✐✈❡✲❞❡❧❛② ❛♥❞ ✭✐✐✮ ♣♦s✐t✐✈❡✲❞❡❧❛②
s✐❞❡ ♦❢ t❤❡ ❚❘P❊❙ s♣❡❝tr♦❣r❛♠s✳ ❚❤❡ ❞✐s❝✉ss✐♦♥ ❢♦❧❧♦✇s
t❤❡ ❡♥❡r❣② ❞✐❛❣r❛♠ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✱ ✇❤✐❝❤ s❤♦✇s t❤❡
❡①❝✐t❛t✐♦♥ s❝❤❡♠❡s ❛♥❞ t❤❡ ❡❧❡❝tr♦♥✐❝ st❛t❡s ♣r❡♣❛r❡❞ ❜②
♣❤♦t♦❡①❝✐t❛t✐♦♥✳

◆❡❣❛t✐✈❡ ❞❡❧❛②s

❖♥ t❤❡ ♥❡❣❛t✐✈❡✲❞❡❧❛② s✐❞❡✱ t❤❡ ✷✻✻✲♥♠ ♣✉❧s❡ ❛❝ts ❛s
t❤❡ ♣✉♠♣ ❛♥❞ ❛ s✉❜s❡q✉❡♥t ✶✸✸✲♥♠ ♣✉❧s❡ ✐s t❤❡ ♣r♦❜❡
✭s❡❡ ❡①❝✐t❛t✐♦♥ ♣❛t❤ ✭❛✮ ✐♥ ❋✐❣✉r❡ ✶✮✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡
t❤❡♦r❡t✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s✷✷✱✸✼✱✹✷✱ t❤❡ ♣✉♠♣ ♣✉❧s❡ ❛t t❤✐s
♣❛rt✐❝✉❧❛r ✇❛✈❡❧❡♥❣t❤ ♣❤♦t♦❡①❝✐t❡s ♠♦❧❡❝✉❧❡s ❢r♦♠ t❤❡
X̃ 1❆1 ❡❧❡❝tr♦♥✐❝ ❣r♦✉♥❞ st❛t❡ t♦ t❤❡ ♦♣t✐❝❛❧❧② ❜r✐❣❤t
B̃ 1❇1 st❛t❡✳ ■♥ t❤✐s ❡①❝✐t❛t✐♦♥ r❡❣✐♦♥✱ t❤❡ ❛❜s♦r♣✲
t✐♦♥ s♣❡❝tr✉♠ ✐s ♠♦r❡ ❝♦♠♣❧❡① ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ✇❡❧❧✲

st✉❞✐❡❞ Ã ❜❛♥❞ ✭❝♦♥t❛✐♥✐♥❣ t❤❡ ❈❧❡♠❡♥ts ❜❛♥❞s✮✳ ❚❤❡
❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ❛t t❤❡s❡ ❤✐❣❤❡r ❡♥✲
❡r❣✐❡s ❛r✐s❡s ❢r♦♠ ♥♦♥✲❛❞✐❛❜❛t✐❝ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ 1B1

❛♥❞ 1A2 ❡❧❡❝tr♦♥✐❝ st❛t❡s✱ s♣✐♥✲♦r❜✐t ❝♦✉♣❧✐♥❣ t♦ s❡✈❡r❛❧
❧♦✇❡r✲❧②✐♥❣ tr✐♣❧❡t st❛t❡s✷✹✱✷✺✱ ❛♥❞ ❢r♦♠ t❤❡ ❢❛❝t t❤❛t t❤❡
B̃1B1 st❛t❡ ✐s ❝♦✉♣❧❡❞ t♦ t❤❡ ❤✐❣❤✲❧②✐♥❣ ✈✐❜r❛t✐♦♥❛❧ ❧❡✈❡❧s
♦❢ t❤❡ X̃1A1 ❣r♦✉♥❞ st❛t❡ ✈✐❛ ❘❡♥♥❡r✲❚❡❧❧❡r ❝♦✉♣❧✐♥❣✹✷✳
■♥ t♦t❛❧✱ t❤❡ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ♣✉❧s❡s ❞❡♣♦s✐t ✶✸✳✾✺ ❡❱

♦❢ ❡♥❡r❣② ✐♥t♦ t❤❡ ♠♦❧❡❝✉❧❡✳ ❚❤✐s ❡♥❡r❣② ✐s s✉✣✲
❝✐❡♥t t♦ ♣♦♣✉❧❛t❡ t❤r❡❡ ❝❛t✐♦♥✐❝ st❛t❡s✱ ♥❛♠❡❧② X̃+ 2A1✱
Ã+ 2B2✱ ❛♥❞ B̃+ 2A2 ✭I♣ ❂ ✶✷✳✸✺✱ ✶✷✳✾✾✱ ❛♥❞ ✶✸✳✸✹ ❡❱✱
r❡s♣❡❝t✐✈❡❧②✸✶✱✹✸✮✳ ■❢ ✐♦♥✐③❛t✐♦♥ ✇❛s t❛❦✐♥❣ ♣❧❛❝❡ t♦ t❤❡
✈✐❜r♦♥✐❝ ❣r♦✉♥❞ st❛t❡ ♦❢ ❡❛❝❤ ♦❢ t❤❡s❡ t❤r❡❡ st❛t❡s✱ ♦♥❡
❝♦✉❧❞ ❡①♣❡❝t t❤r❡❡ ♣❤♦t♦❡❧❡❝tr♦♥ ❜❛♥❞s ❝❡♥t❡r❡❞ ❛r♦✉♥❞
✶✳✻✶✱ ✵✳✾✼✱ ❛♥❞ ✵✳✻✷ ❡❱✱ r❡s♣❡❝t✐✈❡❧②✳
❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s♣❡❝tr❛ s❤♦✇ ❛♥ ✐♥t❡♥s❡ ♣❤♦t♦❡❧❡❝✲

tr♦♥ ❜❛♥❞ ❛♣♣❡❛r✐♥❣ ❛t ✶✳✺✲✶✳✻ ❡❱ ✇✐t❤ ❛ ❧♦♥❣ t❛✐❧ ❡①✲
t❡♥❞✐♥❣ t♦ ❧♦✇ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s✱ ✇❤✐❝❤ ❞❡❝❛②s ✇✐t❤✐♥ t❤❡
❝r♦ss✲❝♦rr❡❧❛t✐♦♥ t✐♠❡ t♦✇❛r❞s t❤❡ ♥❡❣❛t✐✈❡✲❞❡❧❛② s✐❞❡✳ ❆
♠❛❣♥✐✜❡❞ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❧♦✇✲❡♥❡r❣② r❡❣✐♦♥ ✭✐♥s❡t
♦❢ ❋✐❣✳ ✺✮ s❤♦✇s ❛ ✇❡❛❦❡r ❜r♦❛❞ ♣❤♦t♦❡❧❡❝tr♦♥ ❜❛♥❞ ❝♦✈✲
❡r✐♥❣ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ✉♣ t♦∼✵✳✻ ❡❱✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❞❡❝❛②
✇✐t❤✐♥ t❤❡ ♠❡❛s✉r❡❞ t✐♠❡ ✐♥t❡r✈❛❧✳ ❚❤❡ ♦❜s❡r✈❡❞ ❦✐♥❡t✐❝
❡♥❡r❣② ✐s s✉❜st❛♥t✐❛❧❧② ❧♦✇❡r t❤❛♥ t❤❡ ♠❛①✐♠❛❧ ❛✈❛✐❧❛❜❧❡
♣❤♦t♦❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ ✶✳✻ ❡❱✳ ❍❡♥❝❡✱ ✐♦♥✐③❛t✐♦♥
✐s t❛❦✐♥❣ ♣❧❛❝❡ t♦ ✈✐❜r❛t✐♦♥❛❧❧②✲❡①❝✐t❡❞ st❛t❡s ♦❢ ❙❖+

2 ✳
❑♦♦♣♠❛♥✬s ❝♦rr❡❧❛t✐♦♥s ♣r❡❞✐❝t ❞♦♠✐♥❛♥t ✐♦♥✐③❛t✐♦♥

❢r♦♠ t❤❡ B̃ 1❇1 st❛t❡ ♦❢ ❙❖2 t♦ t❤❡ X̃+ 2❆1 st❛t❡ ♦❢ ❙❖+
2

❛♥❞ ❢r♦♠ t❤❡ Ã 1❆2 st❛t❡ t♦ t❤❡ Ã+ 2❇2 st❛t❡✳ ❙✐♥❝❡
✇❡ ♦❜s❡r✈❡ ❛ s✐♥❣❧❡ ❜r♦❛❞ ❜❛♥❞ ❛t ✈❡r② ❧♦✇ ❡♥❡r❣✐❡s
❛t ♥❡❣❛t✐✈❡ ❞❡❧❛②s✱ ✇❡ ❝♦♥❝❧✉❞❡ t❤❛t ✐♦♥✐③❛t✐♦♥ t❛❦❡s
♣❧❛❝❡ t♦ ✈✐❜r❛t✐♦♥❛❧❧② ❡①❝✐t❡❞ st❛t❡s ♦❢ t❤❡ X̃+ 2❆1 ❛♥❞
Ã+ 2❇2 st❛t❡s✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ✐s ❛❧s♦ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡
❢❛❝t t❤❛t t❤❡ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② s✉r❢❛❝❡s ♦❢ t❤❡ X̃+ 2❆1 ❛♥❞
Ã+ 2❇2 st❛t❡s ♦❢ ❙❖+

2 ❛r❡ ❛❧♠♦st ♣❛r❛❧❧❡❧ t♦ t❤♦s❡ ♦❢ t❤❡

B̃ 1❇1 ❛♥❞ Ã 1❆2 st❛t❡s ♦❢ ❙❖2✱ r❡s♣❡❝t✐✈❡❧②✱ ❛s s❤♦✇♥ ✐♥
❋✐❣✳ ✶✱ s✉❝❤ t❤❛t ❋r❛♥❝❦✲❈♦♥❞♦♥ ❢❛❝t♦rs ✇✐❧❧ ❜❡ ❝❧♦s❡ t♦
❞✐❛❣♦♥❛❧✳
❆s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ t✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦✐♦♥ ②✐❡❧❞✱

s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✱ t❤❡ t✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ ②✐❡❧❞
❞♦❡s ❛❧s♦ ♥♦t s❤♦✇ ❛♥② s✐♠♣❧❡ t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥ ✇✐t❤✐♥
t❤❡ ✜rst ♣✐❝♦s❡❝♦♥❞✳ ❚❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❛ ♥❡❛r❧② t✐♠❡✲
✐♥❞❡♣❡♥❞❡♥t ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr✉♠ ✐s q✉✐t❡ r❡♠❛r❦✲
❛❜❧❡ ❣✐✈❡♥ t❤❡ ❢❛❝t t❤❛t t❤❡ ❡①❝✐t❡❞✲st❛t❡ ✇❛✈❡ ♣❛❝❦❡t
✐s ❦♥♦✇♥ t♦ ♣❡r❢♦r♠ ❧❛r❣❡✲❛♠♣❧✐t✉❞❡ ♠♦t✐♦♥ ✐♥ t❤❡ ❝♦✉✲
♣❧❡❞ Ã/B̃ st❛t❡s✳ ❚❤✐s ♦❜s❡r✈❛t✐♦♥ ❝❛♥ ❤♦✇❡✈❡r ❜❡ ✐♥✲
t❡r♣r❡t❡❞ t♦ ❜❡ ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ✈❡r② s✐♠✐❧❛r s❤❛♣❡s
♦❢ t❤❡ B̃ 1❇1 ❛♥❞ X̃+ 2❆1 st❛t❡s ♦♥ ♦♥❡ ❤❛♥❞✱ ❛♥❞ t❤❡
Ã 1❆2 ❛♥❞ Ã+ 2❇2 st❛t❡s ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❤✐❝❤ ❛r❡
❜♦t❤ r❡❧❛t❡❞ ❜② t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ♠♦st ✇❡❛❦❧② ❜♦✉♥❞
❡❧❡❝tr♦♥ ♦✉t ♦❢ t❤❡ ❜1 ♦r❜✐t❛❧✳ ■t ✐s ♠♦r❡♦✈❡r ❦♥♦✇♥ ❢r♦♠
♣r❡✈✐♦✉s ✇♦r❦✷✹ t❤❛t ✐♥t❡rs②st❡♠ ❝r♦ss✐♥❣ ✐s ❛❧s♦ t❛❦✐♥❣
♣❧❛❝❡ ♦♥ t❤❡ ♦❜s❡r✈❡❞ t✐♠❡ s❝❛❧❡ ❛♥❞ t❤❛t ✐t ❞♦♠✐♥❛♥t❧②
♣♦♣✉❧❛t❡s t❤❡ ✭✶✮3❇2 st❛t❡✳ ❚❤❡ ♣♦t❡♥t✐❛❧✲❡♥❡r❣② s✉r✲
❢❛❝❡ ♦❢ t❤✐s st❛t❡ ❛❣❛✐♥ ❤❛s ❛ ✈❡r② s✐♠✐❧❛r s❤❛♣❡ t♦ t❤❛t
♦❢ t❤❡ B̃+ 2❆2 st❛t❡✱ t♦ ✇❤✐❝❤ ✐t ✐s ❝♦♥♥❡❝t❡❞ ❜② ✐♦♥✐③❛✲
t✐♦♥ ❢r♦♠ t❤❡ ♦✉t❡r♠♦st ❜1 ♦r❜✐t❛❧✳ ■t ✐s t❤❡r❡❢♦r❡ ❛❣❛✐♥
✉♥❞❡rst❛♥❞❛❜❧❡ t❤❛t t❤❡ ✐♥t❡rs②st❡♠ ❝r♦ss✐♥❣ ❞♦❡s ♥♦t



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

❋✐❣✉r❡ ✺✳ ✭▲❡❢t ♣❛♥❡❧✮ ❚✐♠❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr✉♠ ✭❚❘P❊❙✮ ♦❢ ❙❖2 ♠♦❧❡❝✉❧❡s✱ ✐♦♥✐③❡❞ ❜② ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❢❡♠✲
t♦s❡❝♦♥❞ ♣✉❧s❡s ❝❡♥t❡r❡❞ ❛t ✷✻✻ ♥♠ ❛♥❞ ✶✸✸ ♥♠✳ ❚❤❡ t✐♠❡ ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡ ♣✉❧s❡s ✇❛s ✈❛r✐❡❞ ❢r♦♠ −1 t♦ 1 ♣s ✇✐t❤ st❡♣s
♦❢ ✷✵ ❢s✳ ■♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❚❘P❊❙ s♣❡❝tr✉♠✱ ❛s ✇❡❧❧ ❛s t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❤♦✇ t❤❡ s♣❡❝tr✉♠ ✇❛s ❝♦♥str✉❝t❡❞ ❢r♦♠ ♠❡❛s✉r❡❞
❞❛t❛ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ♠❛✐♥ t❡①t✳ ✭❘✐❣❤t ♣❛♥❡❧✮ ❆ ♠❛❣♥✐✜❝❛t✐♦♥ ♦❢ ❧♦✇✲❡♥❡r❣② ♣❤♦t♦❡❧❡❝tr♦♥ ❜❛♥❞ s❤♦✇s ❛ ❜r♦❛❞ s✐❣♥❛❧ ❛t
❧♦♥❣ ♥❡❣❛t✐✈❡ ❛♥❞ ♣♦s✐t✐✈❡ ❞❡❧❛②s✳

str♦♥❣❧② ♠❛♥✐❢❡st ✐ts❡❧❢ ✐♥ t❤❡ ♣r❡s❡♥t❡❞ ❞❛t❛✳ ❚❤❡r❡❢♦r❡
♦✉r ❡①♣❡r✐♠❡♥t s❤♦✇s t❤❛t ❚❘P❊❙✱ ❛s ✐♠♣❧❡♠❡♥t❡❞ ✐♥
t❤❡ ♣r❡s❡♥t ✇♦r❦✱ ✐s ♥❡✐t❤❡r s❡♥s✐t✐✈❡ t♦ t❤❡ ❞②♥❛♠✐❝s ♦❢
✐♥t❡r♥❛❧ ❝♦♥✈❡rs✐♦♥ t❛❦✐♥❣ ♣❧❛❝❡ ❛t t❤❡ ❝♦♥✐❝❛❧ ✐♥t❡rs❡❝✲
t✐♦♥ ❜❡t✇❡❡♥ t❤❡ B̃ 1❇1 ❛♥❞ Ã 1❆2 st❛t❡s ♦❢ ❙❖2✱ ♥♦r t♦
t❤❡ ✐♥t❡rs②st❡♠ ❝r♦ss✐♥❣ t❤❛t ❤❛s ❜❡❡♥ ♣r❡❞✐❝t❡❞ t♦ t❛❦❡
♣❧❛❝❡ ♦♥ ❛ s✉❜✲♣✐❝♦s❡❝♦♥❞ t✐♠❡ s❝❛❧❡✳

P♦s✐t✐✈❡ ❞❡❧❛②s

❖♥ t❤❡ ♣♦s✐t✐✈❡✲❞❡❧❛② s✐❞❡✱ t❤❡ ✶✸✸✲♥♠ ♣✉❧s❡ ❛❝ts ❛s t❤❡
♣✉♠♣ ♣✉❧s❡ ✇❤❡r❡❛s t❤❡ t✐♠❡✲❞❡❧❛②❡❞ ✷✻✻✲♥♠ ♣✉❧s❡ ✐s t❤❡
♣r♦❜❡ ✭❡①❝✐t❛t✐♦♥ ♣❛t❤ ✭❜✮ ✐♥ ❋✐❣✉r❡ ✶✮✳ ❚❤❡ ❡①❝✐t❛t✐♦♥

❛t ✶✸✸ ♥♠ ♣♦♣✉❧❛t❡s t❤❡ F̃✲st❛t❡ ♠❛♥✐❢♦❧❞✱ ✇❤✐❝❤ st❛rts
❛t ✾✳✷✺ ❡❱✸✼✳ ❚❤✐s s♣❡❝tr❛❧ r❡❣✐♦♥ ❝♦♥t❛✐♥s t❤❡ ♦♥s❡t
♦❢ ❘②❞❜❡r❣ s❡r✐❡s ❝♦♥✈❡r❣✐♥❣ t♦ t❤❡ t❤r❡❡ ❧♦✇❡st✲❧②✐♥❣
❡❧❡❝tr♦♥✐❝ st❛t❡s ♦❢ ❙❖+

2 ✳ ❚❤❡ ❧♦✇❡st ❘②❞❜❡r❣ st❛t❡ ✭✸s✲

t②♣❡ ❘②❞❜❡r❣ st❛t❡ ❝♦♥✈❡r❣✐♥❣ t♦ t❤❡ X̃+ 2❆1 st❛t❡ ♦❢
❙❖+

2 ✮ ✐s ♣r❡❞✐❝t❡❞ t♦ ❧✐❡ ❛t ∼ 9.3 ❡❱✳
❚❤❡ ♠❡❛s✉r❡❞ ❚❘P❊❙ s♣❡❝tr❛ ❛r❡ ❞♦♠✐♥❛t❡❞ ❜② ❛ s✐♥✲

❣❧❡ ❜❛♥❞ ❝❡♥t❡r❡❞ ❛t ✶✳✺✶ ❡❱✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ♥❡❣❛t✐✈❡✲
❞❡❧❛② s✐❞❡✱ t❤✐s ❜❛♥❞ ❞❡❝❛②s ♠♦r❡ s❧♦✇❧② t❤❛♥ t❤❡ ❝r♦ss✲
❝♦rr❡❧❛t✐♦♥ t✐♠❡✳ ❙✐♥❝❡ t❤✐s ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s ❝❧♦s❡ t♦ t❤❡
♠❛①✐♠❛❧❧②✲❛❧❧♦✇❡❞ ♦♥❡✱ t❤✐s ❜❛♥❞ ❝❛♥ ❜❡ ❛ss✐❣♥❡❞ t♦ ❛
♣❤♦t♦✐♦♥✐③✐♥❣ tr❛♥s✐t✐♦♥ t♦ t❤❡ ✈✐❜r♦♥✐❝ ❣r♦✉♥❞ st❛t❡ ♦❢
t❤❡ X̃+ 2❆1 st❛t❡ ♦❢ ❙❖+

2 ✳ ❚❤✐s ❢❛❝t s✉♣♣♦rts t❤❡ ❛s✲
s✐❣♥♠❡♥t ♦❢ t❤❡ ♣♦♣✉❧❛t❡❞ ❡❧❡❝tr♦♥✐❝ st❛t❡ t♦ ❛ ❘②❞❜❡r❣
st❛t❡ ❝♦♥✈❡r❣✐♥❣ t♦ t❤❡ X̃+ 2❆1 ❡❧❡❝tr♦♥✐❝ ❣r♦✉♥❞ st❛t❡ ♦❢
❙❖+

2 ✱ ❜❡❝❛✉s❡ t❤❡ ♣❤♦t♦✐♦♥✐③❛t✐♦♥ ♦❢ ❘②❞❜❡r❣ st❛t❡s t♦
t❤❡ ❝❛t✐♦♥✐❝ st❛t❡ t♦ ✇❤✐❝❤ t❤❡② ❝♦♥✈❡r❣❡ ✐s ✉s✉❛❧❧② ❛ss♦✲

❝✐❛t❡❞ ✇✐t❤ ❞✐❛❣♦♥❛❧ ❋r❛♥❝❦✲❈♦♥❞♦♥ ❢❛❝t♦rs✳ ❆s s❤♦✇♥
✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥ ❛♥❞ ❋✐❣✳ ✼❜✱ t❤❡ ❡♥t✐r❡
♣❤♦t♦❡❧❡❝tr♦♥ ❜❛♥❞ ❡①t❡♥❞✐♥❣ ❢r♦♠ ✵ t♦ ∼✷ ❡❱ ❞❡❝❛②s
✇✐t❤✐♥ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ t✐♠❡ t♦✇❛r❞s ♥❡❣❛t✐✈❡ ❞❡❧❛②s
❛♥❞ ✇✐t❤ t❤❡ s❛♠❡ t✐♠❡ ❝♦♥st❛♥t t♦✇❛r❞s ♣♦s✐t✐✈❡ ❞❡❧❛②s
❛♥❞ ✐s t❤❡r❡❢♦r❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ s❛♠❡ ✸s✲t②♣❡ ❘②❞❜❡r❣
st❛t❡✳
❲❡ ✜rst ❞✐s❝✉ss t❤❡ ❢❛st ❞❡❝❛② ♦❢ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥

❜❛♥❞ ❝❡♥t❡r❡❞ ❛r♦✉♥❞ ✶✳✺✶ ❡❱ ✭❋✐❣✉r❡ ✺✮✳ ❇♦t❤ ♠♦♥♦❡①✲
♣♦♥❡♥t✐❛❧ ✭❊q✳ ✭✶✮✮ ❛♥❞ ❜✐❡①♣♦♥❡♥t✐❛❧ ✭❊q✳ ✭✷✮✮ ❢✉♥❝t✐♦♥s
❝♦♥✈♦❧✉t❡❞ ✇✐t❤ t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ❤❛✈❡ ❜❡❡♥
✜tt❡❞ t♦ t❤✐s ❞❛t❛✳ ❚❤❡ ✜t ❡①♣r❡ss✐♦♥s ❛r❡✹✹

S = A · ❡①♣

(

( σ

2τ

)2

−

t− t0
τ

)

·

(

1− ❡r❢

(

σ

2τ
−

t− t0
σ

))

✭✶✮

S = A1 · ❡①♣

(

(

σ

2τ1

)2

−

t− t0
τ1

)

·

(

1− ❡r❢

(

σ

2τ1
−

t− t0
σ

))

+A2 · ❡①♣

(

(

σ

2τ2

)2

−

t− t0
τ2

)

·

(

1− ❡r❢

(

σ

2τ2
−

t− t0
σ

))

,

✭✷✮

✇❤❡r❡ ❊q✳ ✭✶✮ ❛♥❞ ❊q✳ ✭✷✮ ❝♦rr❡s♣♦♥❞ t♦ ♠♦♥♦✲ ❛♥❞
❜✐✲❡①♣♦♥❡♥t✐❛❧ ✜ts✱ r❡s♣❡❝t✐✈❡❧②✳ P❛r❛♠❡t❡rs Ai ❛r❡ ❛♠✲
♣❧✐t✉❞❡s✱ τi ❛r❡ ❞❡❝❛② ❝♦♥st❛♥ts✱ t − t0 ✐s t❤❡ t✐♠❡ ❞❡❧❛②
❜❡t✇❡❡♥ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ♣✉❧s❡s ❛♥❞ σ ✐s t❤❡ ✇✐❞t❤ ♦❢
t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✭σ = ❋❲❍▼cc

2
√
ln 2

≈ 61 ❢s✮✳

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ✜tt✐♥❣ ♣r♦❝❡❞✉r❡ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥
❋✐❣✉r❡ ✻✳ ❲❡ ❝♦♠♣❛r❡ t❤❡ ♠♦♥♦❡①♣♦♥❡♥t✐❛❧ ❛♥❞ ❜✐❡①♣♦✲
♥❡♥t✐❛❧ ✜ts t♦ ❡st✐♠❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ❧❡❛❞✐♥❣ t♦ t❤❡
♠❡❛s✉r❡❞ s✐❣♥❛❧✳ ❚❤❡ ♠♦♥♦❡①♣♦♥❡♥t✐❛❧ ✜t ❣✐✈❡s ❛ ❞❡❝❛②
❝♦♥st❛♥t ♦❢ τ = 77±7 ❢s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❜✐❡①♣♦♥❡♥t✐❛❧



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

❋✐❣✉r❡ ✻✳ ✭❛✮ ▼♦♥♦❡①♣♦♥❡♥t✐❛❧ ❛♥❞ ✭❜✮ ❜✐❡①♣♦♥❡♥t✐❛❧ ✜t ♦❢
t❤❡ t❡♠♣♦r❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ t♦t❛❧ ♣❤♦t♦❡❧❡❝tr♦♥ s✐❣♥❛❧ ❝♦rr❡✲
s♣♦♥❞✐♥❣ t♦ t❤❡ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❜❛♥❞ ❛t
✶✳✺✶ ❡❱✳ ❋♦r ♠♦r❡ ❞❡t❛✐❧s s❡❡ t❤❡ ♠❛✐♥ t❡①t✳

✜t ✇❡ ♦❜t❛✐♥❡❞ ❛♥ ❛♠♣❧✐t✉❞❡ r❛t✐♦ ♦❢ A❢❛st/As❧♦✇ = 53 ❜❡✲
t✇❡❡♥ t❤❡ ❢❛st ❛♥❞ s❧♦✇ ❝♦♠♣♦♥❡♥ts✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s
r❛t✐♦ s✉❣❣❡sts t❤❛t t❤❡ s❧♦✇ ❝♦♠♣♦♥❡♥t ✐s ❛❧♠♦st ♥❡❣❧✐✲
❣✐❜❧❡✳ ❚❤✉s✱ ✇❡ ❝♦♥❝❧✉❞❡ t❤❛t ♦✉r ❡①♣❡r✐♠❡♥t ✐s ♠❛✐♥❧②
s❡♥s✐t✐✈❡ t♦ ❛ r❛♣✐❞❧② ❞❡❝❛②✐♥❣ ❝♦♠♣♦♥❡♥t ✇✐t❤ ❛ t✐♠❡
❝♦♥st❛♥t ♦❢ ∼ 80 ❢s✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ❛❣r❡❡s ✇❡❧❧ ✇✐t❤
t❤❡ ❞❡❝❛② ❝♦♥st❛♥t ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❙❖+

2 ✐♦♥ tr❛❝❡ ✭s❡❡
s❡❝t✐♦♥ ■■■❆✮✳

❈✳ ❚✐♠❡✲ ❛♥❞ ❛♥❣❧❡✲r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr❛

❲❡ ♥♦✇ t✉r♥ t♦ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❛♥❣❧❡✲r❡s♦❧✈❡❞ ♣❤♦✲
t♦❡❧❡❝tr♦♥ s♣❡❝tr❛ ❛♥❞ ❞❡t❡r♠✐♥❡ t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t
♣❤♦t♦❡❧❡❝tr♦♥ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s✳ ❋♦r t❤❡ ❝❛s❡ ♦❢ ❧✐♥✲
❡❛r❧② ♣♦❧❛r✐③❡❞ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ♣✉❧s❡s✱ t❤❡ ✐♥t❡♥s✐t② ♦❢
❡❛❝❤ ❜❡✐♥❣ ❦❡♣t ✐♥ t❤❡ ♦♥❡✲♣❤♦t♦♥✲❛❜s♦r♣t✐♦♥ r❡❣✐♠❡✱
t❤❡ ❧❛❜♦r❛t♦r②✲❢r❛♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ♣❤♦t♦❡❧❡❝tr♦♥s ❝❛♥
❜❡ ❡①♣r❡ss❡❞ ❛s ❛ ✜♥✐t❡ s❡r✐❡s ❡①♣❛♥s✐♦♥ ✐♥ ▲❡❣❡♥❞r❡
♣♦❧②♥♦♠✐❛❧s✻✱✼

dσ(t)

dΩ
=

σ(t)

4π
[1 + β2(t)P2(cos θ) + β4(t)P4(cos θ)] , ✭✸✮

✇❤❡r❡ σ(t) ❞❡♥♦t❡s t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ♣❤♦t♦✐♦♥✐③❛t✐♦♥
❝r♦ss s❡❝t✐♦♥✱ θ t❤❡ ♣♦❧❛r ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ♣♦❧❛r✐③❛t✐♦♥
❛①✐s ♦❢ t❤❡ ❧❛s❡r ♣✉❧s❡s ❛♥❞ t❤❡ ❡♠✐ss✐♦♥ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❡❧❡❝tr♦♥ ❛♥❞ PL r❡♣r❡s❡♥ts t❤❡ ▲❡❣❡♥❞r❡ ♣♦❧②♥♦♠✐❛❧ ♦❢
♦r❞❡r L✳
❋✐❣✉r❡ ✼❛ s❤♦✇s t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r β2(t, E) ❛s

❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞❡❧❛② t ❛♥❞ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ ❦✐♥❡t✐❝
❡♥❡r❣② E✳ P❛♥❡❧s ❜ ❛♥❞ ❝ s❤♦✇ t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ❛s②♠✲
♠❡tr② ♣❛r❛♠❡t❡rs β2(t) ❛♥❞ β4(t) ✭❜❧✉❡✴❣r❡❡♥ ❧✐♥❡s✮✱ ❢♦❧✲
❧♦✇✐♥❣ ✐♥t❡❣r❛t✐♦♥ ♦✈❡r t❤❡ ❛r❡❛s ✐♥❞✐❝❛t❡❞ ✐♥ ♣❛♥❡❧ ❛✱
t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❛♥❣❧❡✲✐♥t❡❣r❛t❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s✐❣♥❛❧
✭r❡❞ ❞♦ts✴❧✐♥❡✮✳
❋✐❣✉r❡ ✼❜ ❢♦❝✉s❡s ♦♥ t❤❡ ❧♦✇✲❦✐♥❡t✐❝✲❡♥❡r❣② ❞❛t❛ ♦❜✲

t❛✐♥❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ t❤❡ s✐❣♥❛❧ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵✲✵✳✺ ❡❱✳
❖♥ t❤❡ ♥❡❣❛t✐✈❡✲❞❡❧❛② s✐❞❡ t❤❡ β2 ✈❛❧✉❡ ✐s ❢♦✉♥❞ t♦ ❞❡❝❛②
❢r♦♠ ∼✵✳✸✺ ❞✉r✐♥❣ ♦✈❡r❧❛♣ ♦❢ t❤❡ ♣✉♠♣ ❛♥❞ ♣r♦❜❡ ♣✉❧s❡s
t♦ ∼✵✳✷✳ ❆ ✇❡❛❦ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ❝❛♥ ❜❡ ❞✐s❝❡r♥❡❞ ❛r♦✉♥❞
❞❡❧❛②s ♦❢ ✵✳✸ ♣s✳ ❚❤✐s t✐♠❡ ❞❡♣❡♥❞❡♥❝❡ ✐s r❡♠✐♥✐s❝❡♥t ♦❢
t❤❡ ❜❡❤❛✈✐♦r ♦❢ r♦t❛t✐♦♥❛❧ ❛♥✐s♦tr♦♣✐❡s ❢♦❧❧♦✇✐♥❣ s✐♥❣❧❡✲
♣❤♦t♦♥ ❡①❝✐t❛t✐♦♥ t❤❛t ✇❡r❡ ♦❜s❡r✈❡❞ ✐♥ ❘❡❢s✳✹✺✱✹✻✳ ❚❤❡

❋✐❣✉r❡ ✼✳ ❛✮ ❆s②♠♠❡tr② ♣❛r❛♠❡t❡r β2 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
♣❤♦t♦❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② E ❛♥❞ t❤❡ ❞❡❧❛② t✱ ❜✮ ❛s②♠♠❡✲
tr② ♣❛r❛♠❡t❡r β2 ❛♥❞ β4 ✭❜❧✉❡✴❣r❡❡♥ ❧✐♥❡s✮ ❛♥❞ ♣❤♦t♦❡❧❡❝tr♦♥
s✐❣♥❛❧ ✭r❡❞ ❧✐♥❡✮✱ ❛❧❧ ♦❜t❛✐♥❡❞ ❢♦❧❧♦✇✐♥❣ ✐♥t❡❣r❛t✐♦♥ ♦✈❡r t❤❡ ✐♥✲
t❡r✈❛❧ ❬✵❀✵✳✺❪ ❡❱ ✐♥ ♣❛♥❡❧ ✭❛✮✳ ❚❤❡ s❤❛❞❡❞ ❛r❡❛s r❡♣r❡s❡♥t ♦♥❡
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳ ❝✮ s❛♠❡ ❛s ✭❜✮ ❢♦❧❧♦✇✐♥❣ ✐♥t❡❣r❛t✐♦♥ ♦✈❡r
t❤❡ r❛♥❣❡ ❬✶❀✷❪ ❡❱ ✐♥ ♣❛♥❡❧ ✭❛✮✳

t✐♠❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ β2 ♣❛r❛♠❡t❡r ✐s ✐♥❞❡❡❞ ♠❛r❦❡❞❧②
❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ♦❢ t❤❡ ❛♥❣❧❡✲✐♥t❡❣r❛t❡❞ ♣❤♦t♦❡❧❡❝tr♦♥
s✐❣♥❛❧✳ ■ts ❞❡❝❛② ✐s ❝❧❡❛r❧② ♥♦♥ ❡①♣♦♥❡♥t✐❛❧ ❛♥❞ ✐ts ❛s②♠♣✲
t♦t✐❝ ✈❛❧✉❡ ❞✐✛❡rs s✐❣♥✐✜❝❛♥t❧② ❢r♦♠ ③❡r♦✳ ❆❧❧ ♦❢ t❤❡s❡



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

♦❜s❡r✈❛t✐♦♥s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ s✐❣♥❛t✉r❡s
♦❢ r♦t❛t✐♦♥❛❧ ❛♥✐s♦tr♦♣② ❢♦❧❧♦✇✐♥❣ ❡①❝✐t❛t✐♦♥ ♦❢ ❛ ❜♦✉♥❞
st❛t❡✱ ❛s ✇❡ ❢✉rt❤❡r ❞✐s❝✉ss ❜❡❧♦✇✳

❋✐❣✉r❡ ✼❝ s❤♦✇s t❤❡ ♣♦s✐t✐✈❡✲❞❡❧❛② ❞❛t❛✱ ✐♥t❡❣r❛t❡❞
♦✈❡r t❤❡ r❛♥❣❡ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ❢r♦♠ ✶ t♦ ✷ ❡❱✱ ✇❤✐❝❤
r❡✢❡❝ts t❤❡ ❞②♥❛♠✐❝s ❢♦❧❧♦✇✐♥❣ ♦♥❡✲♣❤♦t♦♥ ❡①❝✐t❛t✐♦♥ ♦❢
t❤❡ F̃ ❜❛♥❞✳ ■♥ t❤✐s ❝❛s❡✱ ❛ ♠✉❝❤ ❤✐❣❤❡r ❛♥✐s♦tr♦♣② ♣❛✲
r❛♠❡t❡r β2 ≈ 1.3 ✐s r❡❛❝❤❡❞ ❞✉r✐♥❣ ♦✈❡r❧❛♣ ♦❢ t❤❡ ♣✉♠♣
❛♥❞ ♣r♦❜❡ ♣✉❧s❡s✳ ❚❤✐s ✈❛❧✉❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣♦♣✉✲
❧❛t✐♦♥ ♦❢ ❛♥ s✲t②♣❡ ❘②❞❜❡r❣ st❛t❡ ❜❡❝❛✉s❡ ♣❤♦t♦✐♦♥✐③❛t✐♦♥
❢r♦♠ ❛ ♣✉r❡❧② ❛t♦♠✐❝ s ♦r❜✐t❛❧ ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛ ♣✉r❡ ♣✲
✇❛✈❡ ❝♦♥t✐♥✉✉♠✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ β2 = 2✳ ❚❤❡ β2

♣❛r❛♠❡t❡r ❞❡❝❛②s ♦♥ ❛ ♠✉❝❤ s❧♦✇❡r t✐♠❡ s❝❛❧❡ t❤❛♥ t❤❡
♣❤♦t♦❡❧❡❝tr♦♥ s✐❣♥❛❧✳ ■ts ❞❡❝❛② ❛❣❛✐♥ s❤♦✇s ❛ ❝❧❡❛r❧② ♥♦♥✲
❡①♣♦♥❡♥t✐❛❧ ❜❡❤❛✈✐♦r✱ ❜✉t ✐t ❞❡❝❛②s t♦ ③❡r♦ ✇✐t❤✐♥ t❤❡
❛❝❝✉r❛❝② ♦❢ ♦✉r ♠❡❛s✉r❡♠❡♥t✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐♥❞✐❝❛t❡s ❛
q✉❛❧✐t❛t✐✈❡❧② ❞✐✛❡r❡♥t t②♣❡ ♦❢ ❞②♥❛♠✐❝s ❝♦♠♣❛r❡❞ t♦ t❤❛t
♦❢ t❤❡ Ã/B̃ ❜❛♥❞✳
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❋✐❣✉r❡ ✽✳ ❛✮ ❚✐♠❡✲❞❡♣❡♥❞❡♥t ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r β2(t)
❢r♦♠ ❋✐❣✳ ✼❜ ❛♥❞ ♠♦❞❡❧ ❞✐s❝✉ss❡❞ ✐♥ t❤❡ t❡①t ❜✮ s❛♠❡ ❛s
✭❛✮ ✇✐t❤ ❞❛t❛ ❢r♦♠ ❋✐❣✳ ✼❝✳

❲❡ ♥♦✇ ❝♦♠♣❛r❡ t❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ♦❢ t✐♠❡✲❞❡♣❡♥❞❡♥t
❛s②♠♠❡tr② ♣❛r❛♠❡t❡rs ✇✐t❤ ❛ r❡❝❡♥t❧② ❞❡r✐✈❡❞ ❛♥❛❧②t✲
✐❝❛❧ ♠♦❞❡❧ ♦❢ r♦t❛t✐♦♥❛❧ ❛♥✐s♦tr♦♣✐❡s ♦❢ s②♠♠❡tr✐❝✲t♦♣
♠♦❧❡❝✉❧❡s✹✼✳ ❆❧t❤♦✉❣❤ ❙❖2 ✐s ❛♥ ❛s②♠♠❡tr✐❝ t♦♣✱ ✐ts
r♦t❛t✐♦♥❛❧ ❝♦♥st❛♥ts B ❛♥❞ C ✐♥ t❤❡ ♦♣t✐❝❛❧❧② ❛❝❝❡ss✐✲
❜❧❡ st❛t❡s ❛r❡ s✉✣❝✐❡♥t❧② ❝❧♦s❡ t♦ ❜❡✐♥❣ ❡q✉❛❧ t♦ ❥✉st✐❢②
❛ s②♠♠❡tr✐❝✲t♦♣ ❛♣♣r♦①✐♠❛t✐♦♥ ✭s❡❡ ❚❛❜❧❡ ■✮✳ ❚❤❡ t✐♠❡✲
❞❡♣❡♥❞❡♥t ❛s②♠♠❡tr② ♣❛r❛♠❡t❡rs ❝❛♥ ✐♥ ❣❡♥❡r❛❧ ❜❡ ❡①✲
♣r❡ss❡❞ ❛s ❢♦❧❧♦✇s✿

βl,q(t) =

n∑

i=0

A2i,q(t)Bl,2i,q(t), ✭✹✮

✇❤❡r❡ A2i,q(t) ❛r❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ❛①✐s✲❞✐str✐❜✉t✐♦♥ ♠♦✲
♠❡♥ts ❞❡✜♥❡❞ ❢♦r t❤❡ ❝❛s❡ ✇❤❡r❡ ❝②❧✐♥❞r✐❝❛❧ s②♠♠❡tr② ✐s
♣r❡s❡r✈❡❞ ❛♥❞ Bl,2i,q(t) ❞❡s❝r✐❜❡ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❡✛❡❝t ♦❢
✈✐❜r❛t✐♦♥❛❧ ❛♥❞✴♦r ❡❧❡❝tr♦♥✐❝ ❞②♥❛♠✐❝s ♦♥ t❤❡ t✐♠❡ ❞❡✲
♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡rs✳
■♥ t❤❡ ❝❛s❡ ✇❤❡r❡ ❛ s✐♥❣❧❡ ✈✐❜r❛t✐♦♥❛❧ st❛t❡ ♦❢ ❛ ❜♦✉♥❞

❡❧❡❝tr♦♥✐❝ st❛t❡ ✐s ♣r❡♣❛r❡❞ ❜② ♦♥❡✲♣❤♦t♦♥ ❡①❝✐t❛t✐♦♥✱
t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ❛①✐s✲❞✐str✐❜✉t✐♦♥ ♠♦♠❡♥ts A2i,q(t)
❝❛♥ ❡❛s✐❧② ❜❡ ❝❛❧❝✉❧❛t❡❞ ♥✉♠❡r✐❝❛❧❧② ❛♥❞ t❤❡ ❝♦❡✣❝✐❡♥ts
Bl,2i,q(t) ❛r❡ t✐♠❡ ✐♥❞❡♣❡♥❞❡♥t✳ ■♥ s✉❝❤ ❝❛s❡s✱ ❛❞❞✐t✐♦♥✲
❛❧❧② ❛ss✉♠✐♥❣ s✐♥❣❧❡✲♣❤♦t♦♥ ✐♦♥✐③❛t✐♦♥✱ t❤❡ ❛s②♠♠❡tr②
♣❛r❛♠❡t❡r β2(t) ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❛s

β2,0(t) = A0,0(t)B2,0,0 +A2,0(t)B2,2,0. ✭✺✮

❆❧t❤♦✉❣❤ t❤✐s ❝❛s❡ ❞♦❡s ♥♦t ❡①❛❝t❧② ❛♣♣❧② t♦ ❡✐t❤❡r ♦❢
t❤❡ t✇♦ t②♣❡s ♦❢ ❞②♥❛♠✐❝s st✉❞✐❡❞ ✐♥ t❤✐s ✇♦r❦✱ t❤❡ ❝♦♠✲
♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛♥❞ t❤✐s ♠♦❞❡❧
♣r♦✈✐❞❡s ❛❞❞✐t✐♦♥❛❧ ✐♥s✐❣❤t ✐♥t♦ t❤❡ ♦❜s❡r✈❡❞ ❞②♥❛♠✐❝s✳
❚❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ❛①✐s ❞✐str✐❜✉t✐♦♥ ♠♦♠❡♥ts ❢♦r t❤❡
Ã/B̃ ❞②♥❛♠✐❝s ❤❛✈❡ ❜❡❡♥ ❝❛❧❝✉❧❛t❡❞ ♦♥ t❤❡ ❜❛s✐s ♦❢ t❤❡

❛✈❡r❛❣❡ ♦❢ t❤❡ r♦t❛t✐♦♥❛❧ ❝♦♥st❛♥ts ♦❢ t❤❡ Ã ❛♥❞ B̃ st❛t❡s
❜❡❝❛✉s❡ ❝❛❧❝✉❧❛t✐♦♥s s❤♦✇ ❛ r❛♣✐❞ s♣r❡❛❞✐♥❣ ♦❢ t❤❡ ♥✉✲
❝❧❡❛r ✇❛✈❡ ♣❛❝❦❡t ♦✈❡r ❜♦t❤ ❡❧❡❝tr♦♥✐❝ st❛t❡s✳ ■♥ t❤❡ ❝❛s❡
♦❢ t❤❡ F̃ ❘②❞❜❡r❣ st❛t❡✱ t❤❡ r♦t❛t✐♦♥❛❧ ❝♦♥st❛♥ts ♦❢ t❤❡
❡❧❡❝tr♦♥✐❝ ❣r♦✉♥❞ st❛t❡ ♦❢ ❙❖+

2 ❤❛✈❡ ❜❡❡♥ ✉s❡❞✱ ❜❡❝❛✉s❡
❘②❞❜❡r❣ st❛t❡s ❤❛✈❡ ❡q✉✐❧✐❜r✐✉♠ ❣❡♦♠❡tr✐❡s t❤❛t ❝❧♦s❡❧②
r❡s❡♠❜❧❡ t❤♦s❡ ♦❢ t❤❡ ❝❛t✐♦♥✐❝ st❛t❡ t♦ ✇❤✐❝❤ t❤❡② ❝♦♥✲
✈❡r❣❡✳ ❆❧❧ r♦t❛t✐♦♥❛❧ ❝♦♥st❛♥ts t❤❛t ✇❡r❡ ✉s❡❞ ❛r❡ ❣✐✈❡♥
✐♥ ❚❛❜❧❡ ■✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts Bl,2i,q ✇❡r❡ tr❡❛t❡❞ ❛s t✐♠❡✲
✐♥❞❡♣❡♥❞❡♥t ♣❛r❛♠❡t❡rs ✐♥ ❛♥ ❡rr♦r✲✇❡✐❣❤t❡❞ ♥♦♥✲❧✐♥❡❛r
❧❡❛st✲sq✉❛r❡s ✜tt✐♥❣ ♣r♦❝❡❞✉r❡✳ ❚❤❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡s ❛r❡
B2,0,0 = 0.67 ❛♥❞ B2,2,0 = −0.057 ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡

Ã/B̃ ❞②♥❛♠✐❝s ❛♥❞ B2,0,0 = 1.60 ❛♥❞ B2,2,0 = −1.16 ✐♥

t❤❡ ❝❛s❡ ♦❢ t❤❡ F̃✲❜❛♥❞ ❞②♥❛♠✐❝s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ r♦t❛✲
t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡s ✇❛s ❛❧s♦ tr❡❛t❡❞ ❛s
❛ t✐♠❡✲✐♥❞❡♣❡♥❞❡♥t ✜t ♣❛r❛♠❡t❡r✳
❚❤❡ ❛❣r❡❡♠❡♥t ♦❢ t❤❡ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧ ✇✐t❤ t❤❡ Ã/B̃✲

❜❛♥❞ ❞②♥❛♠✐❝s ✭❋✐❣✳ ✽❛✮ ✐s ❣♦♦❞✳ ❆❧❧ ♦❜s❡r✈❡❞ ❢❡❛t✉r❡s✱
s✉❝❤ ❛s t❤❡ ♥♦♥✲❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛②✱ t❤❡ ❧♦❝❛❧ ♠✐♥✐♠✉♠
❛♥❞ t❤❡ ❛s②♠♣t♦t✐❝ ✈❛❧✉❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r
❛r❡ ✇❡❧❧ r❡♣r♦❞✉❝❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ ❡①tr❛❝t❡❞ ♣❤♦t♦✐♦♥✲
✐③❛t✐♦♥ ♣❛r❛♠❡t❡rs ❛r❡ ❞✐✣❝✉❧t t♦ ✐♥t❡r♣r❡t ❜❡❝❛✉s❡ t❤❡
✉♥❞❡r❧②✐♥❣ ✈✐❜r♦♥✐❝ ❞②♥❛♠✐❝s ✐♥ t❤❡ Ã/B̃ ❜❛♥❞ ✐s ♥♦t
t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✐♥ t❤✐s s✐♠♣❧❡ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧✳ ❚❤✐s



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

❚❛❜❧❡ ■✳ ❘♦t❛t✐♦♥❛❧ ❝♦♥st❛♥ts ✉s❡❞ ✐♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ t✐♠❡✲
❞❡♣❡♥❞❡♥t ❛①✐s✲❞✐str✐❜✉t✐♦♥ ♠♦♠❡♥ts ✐♥ ❊q✳ ✭✺✮✳

❈♦♥st❛♥t ❘②❞❜❡r❣ st❛t❡ Ã/B̃✲♠❛♥✐❢♦❧❞

❆✴❝♠−1 ✷✳✾✾✺ ✶✳✸✷✽✽

❇✴❝♠−1 ✵✳✸✵✷ ✵✳✸✺✵✾

❈✴❝♠−1 ✵✳✷✼✹ ✵✳✷✻✽✻

✭❇✰❈✮✴✷✴❝♠−1 ✵✳✷✽✽✵ ✵✳✸✵✾✽

❢❛❝t ✐s ❛❧s♦ ♠♦st ❧✐❦❡❧② t♦ ❜❡ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✉♥❡①✲
♣❡❝t❡❞❧② ❤✐❣❤ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ♦❢ Trot ≈ 766 ❑
t❤❛t ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✜tt✐♥❣ ♣r♦❝❡❞✉r❡✳ ❯s✐♥❣ t❤❡
r♦t❛t✐♦♥❛❧ ❝♦♥st❛♥ts ♦❢ ❡✐t❤❡r t❤❡ B̃ ♦r t❤❛t ♦❢ t❤❡ Ã st❛t❡
❧❡❛❞s t♦ s✐♠✐❧❛r❧② ❤✐❣❤ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡s✳
❚✉r♥✐♥❣ t♦ t❤❡ F̃✲❜❛♥❞ ❞②♥❛♠✐❝s ✭❋✐❣✳ ✽❜✮✱ ✇❡ ✜♥❞

t❤❛t t❤❡ s✐♠♣❧❡ ♠♦❞❡❧ ❢❛✐❧s t♦ r❡♣r♦❞✉❝❡ t❤❡ ♦❜s❡r✈❡❞
t✐♠❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r✳ ❆❧t❤♦✉❣❤
t❤❡ ❜❡st ✜t ✭r❡❞ ❧✐♥❡✮ ♣r♦✈✐❞❡s ❛ ♠♦r❡ r❡❛❧✐st✐❝ r♦t❛t✐♦♥❛❧
t❡♠♣❡r❛t✉r❡ ♦❢ Trot ≈ 146 ❑✱ ✐t ❝❧❡❛r❧② ♦✈❡r❡st✐♠❛t❡s t❤❡
✐♥✐t✐❛❧ ❞❡❝❛② r❛t❡ ✉♥t✐❧ ❛ ❞❡❧❛② ♦❢ ✵✳✷ ♣s✱ ✉♥❞❡r❡st✐♠❛t❡s
t❤❡ r❛t❡ ❜❡t✇❡❡♥ ✵✳✷ ❛♥❞ ✵✳✸ ♣s✱ s✉❣❣❡sts t❤❡ ❡①✐st❡♥❝❡ ♦❢
❛ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ❛r♦✉♥❞ ✵✳✺✺ ♣s✱ ✇❤✐❝❤ ✐s ♥♦t ♦❜s❡r✈❡❞
❡①♣❡r✐♠❡♥t❛❧❧②✱ ❛♥❞ ❛ ♥♦♥✲③❡r♦ ❛s②♠♣t♦t✐❝ ✈❛❧✉❡✳ ❚❤✐s
s✐❣♥✐✜❝❛♥t ❞✐s❛❣r❡❡♠❡♥t ✐s q✉❛❧✐t❛t✐✈❡❧② ❝♦♥s✐st❡♥t ✇✐t❤
t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ F̃✲❜❛♥❞ s✐❣♥❛❧ ✐s s✉♣♣r❡ss❡❞ ❜②
t❤❡ ✇❛✈❡♣❛❝❦❡t ❧❡❛✈✐♥❣ t❤❡ ✐♦♥✐③❛t✐♦♥ ✇✐♥❞♦✇✱ ❡✳❣✳ ❜❡✲
❝❛✉s❡ ♦❢ ❞✐ss♦❝✐❛t✐✈❡ ❞②♥❛♠✐❝s✳
❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♦❜s❡r✈❡❞ t✐♠❡✲❞❡♣❡♥❞❡♥t

❛♥✐s♦tr♦♣✐❡s ✇✐t❤ t❤❡ s✐♠♣❧❡ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ t❤❡
❧✐t❡r❛t✉r❡✹✼ t❤✉s s❤♦✇s t❤❛t t❤❡ ♦❜s❡r✈❡❞ t✐♠❡✲❞❡♣❡♥❞❡♥t
♣❤♦t♦❡❧❡❝tr♦♥ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s ❛r❡ ♥♦t ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ ❛ss✉♠♣t✐♦♥s ♦❢ ❡✐t❤❡r t✐♠❡✲✐♥❞❡♣❡♥❞❡♥t ♣❛r❛♠❡✲
t❡rs Bl,2i,q(t) ❞❡s❝r✐❜✐♥❣ ♣❤♦t♦✐♦♥✐③❛t✐♦♥ ❛♥❞✴♦r t❤❡ s✐♠✲
♣❧❡ r✐❣✐❞✲♠♦❧❡❝✉❧❡ ❛ss✉♠♣t✐♦♥ ✉s❡❞ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢
t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ❛①✐s✲❞✐str✐❜✉t✐♦♥ ♠♦♠❡♥ts✳ ❚❤❡r❡✲
❢♦r❡✱ ♠♦r❡ ❛❞✈❛♥❝❡❞ t❤❡♦r❡t✐❝❛❧ ✇♦r❦ ✐s r❡q✉✐r❡❞ t♦ ❢✉❧❧②
❛❝❝♦✉♥t ❢♦r t❤❡ ♦❜s❡r✈❡❞ ❛♥✐s♦tr♦♣② ♣❛r❛♠❡t❡rs ❛♥❞ t♦
❢✉❧❧② ✐♥t❡r♣r❡t t❤❡ ♦❜s❡r✈❡❞ t✐♠❡✲❞❡♣❡♥❞❡♥t ♣❤♦t♦❡❧❡❝✲
tr♦♥ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s✳

■❱✳ ❈❖◆❈▲❯❙■❖◆

■♥ t❤✐s ✇♦r❦✱ ✇❡ ❤❛✈❡ ♠❡❛s✉r❡❞ t✐♠❡✲ ❛♥❞ ❛♥❣❧❡✲
r❡s♦❧✈❡❞ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr❛ ♦❢ ❙❖2✳ ❲❡ ❤❛✈❡ ✉s❡❞
❢❡♠t♦s❡❝♦♥❞ ♣✉❧s❡s ❝❡♥t❡r❡❞ ❛t ✶✸✸ ❛♥❞ ✷✻✻ ♥♠✱ ❛❧❧♦✇✐♥❣
✉s t♦ st✉❞② ❞②♥❛♠✐❝s ❢♦❧❧♦✇✐♥❣ ♣❤♦t♦✲❡①❝✐t❛t✐♦♥ t♦ t❤❡
Ã/B̃ ❛♥❞ F̃ ❜❛♥❞s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ Ã/B̃ ❜❛♥❞ ♣r❡♣❛r❡❞
❜② t❤❡ ✷✻✻✲♥♠ ♣✉❧s❡✱ ♥♦ ❞✐s❝❡r♥✐❜❧❡ t❡♠♣♦r❛❧ ♠♦❞✉❧❛t✐♦♥
✇❛s ♦❜s❡r✈❡❞✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t ♥❡✐t❤❡r t❤❡ ♣❤♦t♦✐♦♥✱
♥♦r t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ s✐❣♥❛❧s ❛r❡ s❡♥s✐t✐✈❡ t♦ t❤❡ ✐♥t❡r♥❛❧✲
❝♦♥✈❡rs✐♦♥ ❞②♥❛♠✐❝s✳ ❊①❝✐t❛t✐♦♥ ❜② t❤❡ ✶✸✸✲♥♠ ♣✉❧s❡ ❛❧✲
❧♦✇❡❞ ❢♦r t❤❡ ✜rst ♣❤♦t♦❡❧❡❝tr♦♥ st✉❞② ♦❢ t❤❡ F̃ ❜❛♥❞✳ ■♥
t❤✐s ❝❛s❡✱ ✇❡ ❤❛✈❡ ♦❜s❡r✈❡❞ ❛ r❛♣✐❞ ❞❡❝❛② ✇✐t❤ ❛ t✐♠❡
❝♦♥st❛♥t ♦❢ ∼✽✵ ❢s ✐♥ ❜♦t❤ ♣❤♦t♦✐♦♥ ❛♥❞ ♣❤♦t♦❡❧❡❝tr♦♥
②✐❡❧❞s✳ ❚❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧t ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❡①❝✐t❛✲
t✐♦♥ ❛r♦✉♥❞ ✾✳✸ ❡❱ ❛❝❝❡ss✐♥❣ ❛♥ s✲t②♣❡ ❘②❞❜❡r❣ st❛t❡✱ ✐♥

✇❤✐❝❤ t❤❡ ♣❤♦t♦❡①❝✐t❡❞ ✇❛✈❡ ♣❛❝❦❡t r❛♣✐❞❧② ❧❡❛✈❡s t❤❡
❝♦♥✜❣✉r❛t✐♦♥ s♣❛❝❡ ❢r♦♠ ✇❤❡r❡ ✐♦♥✐③❛t✐♦♥ t❛❦❡s ♣❧❛❝❡✳
●✐✈❡♥ t❤❡ ❧❛r❣❡ ❡①❝✐t❛t✐♦♥ ❡♥❡r❣②✱ ❞✐ss♦❝✐❛t✐✈❡ ❞②♥❛♠✐❝s
✐s ♠♦st ❧✐❦❡❧②✳ ❋✐♥❛❧❧②✱ t✐♠❡✲❞❡♣❡♥❞❡♥t ❛s②♠♠❡tr② ♣❛✲
r❛♠❡t❡rs ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❛ s✐♠♣❧❡
❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧✳ ❚❤✐s ❝♦♠♣❛r✐s♦♥ ❝♦♥✜r♠s t❤❡ ♦❜s❡r✈❛✲
t✐♦♥ ♦❢ ❛ t✐♠❡✲❞❡♣❡♥❞❡♥t r♦t❛t✐♦♥❛❧ ❛♥✐s♦tr♦♣② ✐♥ t❤❡ ❝❛s❡
♦❢ t❤❡ Ã/B̃✲❜❛♥❞ ❞②♥❛♠✐❝s✱ ✇❤✐❝❤ ❤♦✇❡✈❡r r❡q✉✐r❡s t❤❡
❛ss✉♠♣t✐♦♥ ♦❢ ❛♥ ✉♥r❡❛❧✐st✐❝❛❧❧② ❤✐❣❤ r♦t❛t✐♦♥❛❧ t❡♠♣❡r✲
❛t✉r❡✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t ❡❧❡❝tr♦♥✐❝ ❛♥❞✴♦r ✈✐❜r❛t✐♦♥❛❧
❞②♥❛♠✐❝s ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♦❜s❡r✈❡❞ ✈❛r✐❛t✐♦♥s ♦❢
t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡rs✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ F̃✲❜❛♥❞
❞②♥❛♠✐❝s✱ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r ❛❧s♦ s❤♦✇s ❞②♥❛♠✲
✐❝s t❤❛t ✐♥✐t✐❛❧❧② r❡s❡♠❜❧❡ t❤❛t ♦❢ r♦t❛t✐♦♥❛❧ ❛♥✐s♦tr♦♣②✱
❤♦✇❡✈❡r ❢♦❧❧♦✇❡❞ ❜② ❛ r❛♣✐❞ ❞❡❝❛② t♦ ③❡r♦ ❛s t❤❡ ♣❤♦✲
t♦❡①❝✐t❡❞ ✇❛✈❡ ♣❛❝❦❡t ❧❡❛✈❡s t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ s♣❛❝❡ ❢r♦♠
✇❤❡r❡ s✐♥❣❧❡✲♣❤♦t♦♥ ✐♦♥✐③❛t✐♦♥ ❜② ❛ ✷✻✻✲♥♠ ♣❤♦t♦♥ ❝❛♥
t❛❦❡ ♣❧❛❝❡✳
❖✈❡r❛❧❧✱ t❤❡s❡ r❡s✉❧ts ❞❡♠♦♥str❛t❡ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ ♣❤♦✲

t♦❡❧❡❝tr♦♥ ✐♠❛❣✐♥❣ ❜❛s❡❞ ♦♥ ❧♦✇✲♦r❞❡r ❤❛r♠♦♥✐❝ ❣❡♥❡r❛✲
t✐♦♥✳ ❲❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ❢❡♠t♦s❡❝♦♥❞ ❱❯❱ ♣✉❧s❡s ❢r♦♠
s✉❝❤ s♦✉r❝❡s ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡❝♦r❞ ❞②♥❛♠✐❝s t❛❦✐♥❣ ♣❧❛❝❡
✐♥ ❧♦✇✲❧②✐♥❣ ❡❧❡❝tr♦♥✐❝ st❛t❡s ♦❢ ♠♦❧❡❝✉❧❡s✱ ✇❤✐❧❡ ❛✈♦✐❞✲
✐♥❣ ✐♦♥✐③❛t✐♦♥ ♦❢ ✉♥❡①❝✐t❡❞ ♠♦❧❡❝✉❧❡s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡s❡
s♦✉r❝❡s ❡♥❛❜❧❡ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❘②❞❜❡r❣✲st❛t❡ ❞②♥❛♠✲
✐❝s ✉♥❞❡r t❤❡ ✇❡❧❧✲❝♦♥tr♦❧❧❡❞ ❝♦♥❞✐t✐♦♥s ♦❢ s✐♥❣❧❡✲♣❤♦t♦♥
❡①❝✐t❛t✐♦♥✳ ❈♦♠❜✐♥❡❞ ✇✐t❤ ♣❤♦t♦❡❧❡❝tr♦♥ ✐♠❛❣✐♥❣✱ s✉❝❤
s♦✉r❝❡s ❤❛✈❡ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ ♣r♦✈✐❞✐♥❣ s✉❜st❛♥t✐❛❧ ♥❡✇
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