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Abstract 

The TRIGA MARK II reactor in Vienna operates as a research and training reactor 

continuously since 1962. In 2012 the reactor received a new core inventory due to a US 

regulation.  Meeting the regulatory requirements required a conversion of the core from 

high enriched uranium to low enriched uranium. This made an amendment of the safety 

analyses report (SAR) necessary.  

Looking at historic severe accident scenarios and its analyses this work questions the choice 

of previous performed analysis.  

SAR are a necessary and powerful tool to evaluate risks and develop procedures in case of 

emergency situations. The IAEA states that SAR need to include dispersion calculations 

regarding severe accidents.  

In order to perform this analyses, this work selected two codes, namely RODOS and LASAIR.  

RODOS (Real On time DecisiOn Support Program) was developed after the Chernobyl 

accident to enable easier communication with the public. This powerful tool can use on time 

data and perform forecast dispersion calculation with direct input from facilities. Its output 

data include dose and dose rate forecasts as well as possible countermeasure information. 

For this work the dispersion model DIPCOT (DIsPersion over COmplex Terrain) was used. 

DIPCOT is a Lagrangian puff model for dispersion over complex terrain.  

LASAIR is a simulation tool designed to simulate explosion of fire scenarios including 

radionuclides. It is based on the dispersion model LASAT, a Lagrangian particle model. 

LASAIR is less flexible in its input data compared to RODOS.   

For this work the meteorological station of the Atominstitut provided the basic weather 

data. The data of the years 2012 and 2013 were evaluated and prepared for the simulation. 

While previous works evaluated only averaged scenarios with respect to the meteorological 

date, e.g. the dispersion of wind direction, this work selected a novel approach and defined 

both average and specific scenarios. 

This work chose four different averaged scenarios representing the four seasons.  The 

specific scenarios included a thunderstorm, a hot day and a foggy day. 

The source term calculations were performed in accordance with previous works. This work 

evaluated 2 burn-up data. First after 1 year of operation and the second at the end of 

lifetime of the reactor. The calculation was performed with ORIGEN. This work chose a set of 

nuclides in accordance with previous data. For the LASAIR simulation this data were further 

reduced to fit the input. The source term was calculated for four accident scenarios, namely 

the exposure of one fuel element, the exposure of all fuel elements, a small airplane crash 

and a large airplane crash.  

For the simulation with RODOS the release time was set to 1 h, the prognosis to 24 h. For all 

four accident scenarios all seven meteorological scenarios were simulated. The evaluated 
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results included total dose, dose rate and potential dose. For the accident scenarios 

exposure of one fuel element, exposure of all fuel elements and the small airplane crash the 

highest dose was 1.92 µSv after 1 year effective dose for the average scenarios. For the 

specific scenarios it was 1.88 µSv after 1 year effective dose. These results all are well below 

the limit in the Austrian Radiation Protection Law of 1 mSv in one year.  

The results for the large airplane crash show a deposition with the main wind direction for 

the average scenarios. The highest dose is 3.2 mSv after one year. The dose drops below 1 

mSv at the boundaries of the institute and is hence below the limit of the Austrian Radiation 

Protection Law.   

For the specific scenarios the maximum effective dose after one year is 13.8 mSv. It drops 

below 1 mSv at 900 m distance of the source. The distribution is no longer with the main 

wind direction. This outcome shows that a necessity of the simulation of specific scenarios. 

Considering only the average, would not reflect the reality and disregard possible necessary 

countermeasures for affected regions beyond the main wind direction.  

The simulation with LASAIR were only performed for the large airplane crash scenario. The 

highest dose was 3.15 mSv after 1 year for the average scenario and 0.78 mSv after 1 year 

for the specific scenarios.  

The last part of this work compares the above mentioned simulation tools.  

The TRIGA MARK II reactor, as a research reactor, appears as a special case for dispersion 

simulations. 

RODOS is designed for the simulation of severe nuclear power plant accidents, while LASAIR 

is a simulation tool for explosion scenarios and fires including radionuclides.  

This general difference is reflected in the results. RODOS offers the possibility to put time 

evolving data into the simulation, or online and real time data. LASAIR has limited input data 

possibility, that allow only averaged data.  

The different design purposes of LASAIR and RODOS allow comparison in a narrow scope. 

RODOS and LASAIR give comparable results regarding the deposition of nuclides in average 

scenarios. Regarding the specific scenarios, LASAIR underestimates the consequences.  

 

Concluding, this work compared two simulation tools for dispersion calculation after 

accident scenarios at the TRIGA MARK II reactor in Vienna.  

This work did not only look at average scenarios, but also included specific scenarios 

The analysis of these scenarios showed that the perspective for countermeasures after 

accidents needs to be wider. The average scenarios showed dose values of below 1 mSv in 

the first year, which lies in accordance with the Austrian Radiation Protection Law. 
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Kurzfassung  

Der Wiener TRIGA MARK II Reaktor wird seit 1962 kontinuierlich als Forschungs- und 

Trainingsreaktor betrieben. Das  Kerninventar musste 2012 gewechselt werden, da auf 

Grund einer US Regulierung kein hoch angereichertes Uran mehr in Forschungsreaktoren 

verwenden werden darf.  Seitdem wird der Reaktor ausschließlich mit niedrig 

angereichertem Uran betrieben. Wegen diesem Austausch wurde eine Adaptierung der 

Sicherheitsanalyse notwendig.  

Ausgehend von den früheren Unfallszenarien und deren Analyse stellt diese Arbeit die Wahl 

der Szenarien in früheren Arbeiten in Frage, bzw. adaptiert und erweitert sie vor allem in 

Hinblick auf die gewählten meteorlogischen Szenarien.  

Die Sicherheitsanalysen sind ein notwendiges und mächtiges Hilfsmittel um Risiken zu 

evaluieren und auf Notfallszenarien vorbereitet zu sein. Die IAEO weist darauf hin, dass 

Ausbreitungberechnungen in Hinblick auf schwere Unfälle Teil einer Sicherheitsanalyse sein 

sollen.  

Um diese Berechnungen durchführen zu könne, wurden 2 verschiedene Simulationstools für 

diese Arbeit ausgewählt: RODOS und LASAIR.  

RODOS (Real On time DecisiOn Support Program) wurde nach dem Unfall von Tschernobyl 

entwickelt, um der Bevölkerung schnell und einfach verständliche Informationen zukommen 

zu lassen.  Dieses Tool hat nicht nur die Möglichkeit Daten manuell einzugeben, sondern 

kann auch direkt von Anlagen „live“ Daten erhalten, und mit Wettervorhersagen „on time“ 
Berechnungen durchführen. Die Ergebnisse beinhalten neben der Dosis und 

Dosisleistungsvorhersage auch mögliche notwendige Gegenmaßnahmen. Für diese Arbeit 

wurde das Ausbreitungsmodel DIPCOT (DIspersion over COmplex Terrain) gewählt. DIPCOT 

ist ein Lagrangesches Puff Modell um Ausbreitungen über komplexem Gelände zu 

berechnen.  

LASAIR ist ein Simulationstool, das für Feuer mit Radionukliden bzw. Explosionsszenarien 

gedacht ist. Es basiert auf dem Ausbreitungsmodell LASAT, auch das ist ein Lagrangesches 

Teilchenmodel. LASAIR ist verglichen zu RODOS deutlich weniger flexibel in Hinblick auf die 

Eingangsparameter.  

Für diese Arbeit wurde die Wetterstation am Dach des Atominstituts herangezogen, um die 

Grunddaten für die Berechnungen zu erhalten. Die Daten der Jahre 2012 und 2013 wurden 

herangezogen, evaluiert und bearbeitet. Vorangegangene Arbeiten betrachteten 

ausschließlich durchschnittliche Wetterszenarien. Diese Arbeit verfolgt einen neuen Ansatz 

und untersucht sowohl durchschnittliche Wetterszenarien als auch spezielle 

Wetterszenarien.  

Diese Arbeit hat daher vier durchschnittliche Wetterszenarien gewählt, die den Jahreszeiten 

entsprechen. Die speziellen Szenarien sind ein Gewittertag, ein heißer Tag und ein Nebeltag.  
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Die Quelltermanalysen wurden in Anlehnung an frühere Arbeiten durchgeführt. Diese Arbeit 

betrachtet zwei Abbrandszenarien, das erste nach einem Jahr Betrieb, das zweiten 

betrachtet den Abbrand am Ende der voraussichtlichen Betriebsdauer. Die Berechnungen 

wurden mit ORIGEN durchgeführt. Diese Arbeit wählte dieselben Nuklide, in 

Übereinstimmung mit früheren Arbeiten. Für die Simulation mit LASAIR musste die Liste der 

gewählten Nuklide weiter reduziert werden. Der Quellterm wurde für vier Unfallszenarien 

berechnet: Die Exposition eines Brennelementes, die Exposition aller Brennelemente, ein 

Crash eines kleinen Flugzeugs und der Crash eines großen Flugzeuges.  

Für die Simulationen mit RODOS wurde eine Freisetzung von 1h und eine Prognose für 24 h 

gewählt. Alle vier Unfallszenarien wurden mit sieben Wetterszenarien gerechnet. Die 

analysierten Ergebnisse beinhalteten die Gesamtdosis, die Dosisleistung und die mögliche 

Dosis ohne getroffene Gegenmaßnahmen. Für die Szenarien Exposition eines Elements, 

Exposition aller Elemente und Crash eines kleinen Flugzeugs wurde die maximale effektive 

Dosis zu 1,92 µSv nach einem Jahr bei den Durchschnittsszenarien bestimmt. Für die 

speziellen Szenarien ergab sie sich zu 1,88 µSv nach einem Jahr. Alle Ergebnisse liegen weit 

unter den Grenzwerten des österreichischen Strahlenschutzgesetzes von 1 mSv in einem 

Jahr.  

Die Ergebnisse für das Szenario Crash eines großen Flugzeugs zeigen eine Hauptdeposition 

mit der Hauptwindrichtung. Die höchste Dosis ergab sich zu 3,2 mSv nach einem Jahr. Die 

Dosis liegt an den Grenzen des Instituts unter 1 mSv, und damit unter den Grenzwerten des 

österreichischen Strahlenschutzgesetzes.  

Für die speziellen Szenarien liegt die maximale effektive Dosis nach einem Jahr bei 13,8 mSv. 

Sie fällt in einem Abstand von 900 m von der Quelle unter 1 mSv. Die Hauptdeposition liegt 

nicht mehr in Hauptwindrichtung. Diese Erkenntnis zeigt, dass die Simulation von 

Durchschnittsszenarien nicht ausreichend ist. Dabei würden mögliche Gegenmaßnahmen 

außer Acht gelassen.  

 

Die Simulationen mit LASAIR wurden nur für das Szenario Crash eines großen Flugzeugs 

durchgeführt. Die höchste Dosis lag bei 3,15 mSv nach einem Jahr für Durchschnittszenarien 

und 0,78 mSv für ein spezielles Szenario.  

 

Der letzte Teil der Arbeit befasst sich mit dem Vergleich der beiden obenstehenden 

Simulationstools.  

Der TRIGA MARK II Reaktor als Forschungsreaktor stellt einen Spezialfall für 

Ausbreitungsrechnungen dar.  

RODOS wurde als Tool für Ausbreitungsrechnungen nach schweren Kernkraftwerksunfällen 

entwickelt, LASAIR dient als Tool zur Simulation von Explosions- oder Feuerszenarien. Dieser 

generelle Unterschied zeigt sich auch in den Ergebnissen. RODOS bietet die Möglichkeit 

Zeitverläufe oder on time Daten als Input zu nutzen. LASAIR hat nur sehr limitierte 

Eingabeparameter, die nur gemittelte Werte erlauben.  
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Dieser generelle Unterschied ermöglicht nur einen sehr eingeschränkten Vergleich beider 

Tools. RODOS und LASAIR Simulation ergeben vergleichbare Ergebnisse in der Deposition bei 

den Durchschnittsszenarien. Bei den speziellen Szenarien unterschätzt LASAIR die 

Auswirkungen.  

 

Zusammenfassend vergleicht diese Arbeit zwei Simulationstools für die 

Ausbreitungsrechnung nach Störfallszenarien des TRIGA MARK II Reaktors in Wien.  Diese 

Arbeit befasste sich nicht nur mit Durchschnittsszenarien, sondern inkludierte auch spezielle 

Szenarien hinsichtlich der Meteorologie. Die Analyse dieser Auswahl ergab, dass die 

möglichen Gegenmaßnahmen weiter gesteckt werden sollten. Die Durchschnittszenarien 

zeigen, dass die Dosiswerte unter 1 mSv nach einem Jahr an den Grenzen des 

Reaktorinstituts liegen, und sich somit unter den Grenzwerten des österreichischen 

Strahlenschutzgesetzes befinden.  Selbst ein Unfallszenario mit einem Absturz eines großen 

Flugzeugs beeinträchtigt die Sicherheit der Bevölkerung nicht.  
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✶ ❚❤❡ ❚❘■●❆ ▼❆❘❑✲■■ ❘❡❛❝t♦r

✶✳✶ ❚❤❡ ❍✐st♦r② ♦❢ t❤❡ ❚❘■●❆

❚❤❡ ❝♦♥❝❡♣t ♦❢ t❤❡ ❚❘■●❆ r❡❛❝t♦r ♦r✐❣✐♥❛t❡s ✐♥ ✶✾✺✺✳ ❋✳ ❞❡ ❍♦✛♠❛♥♥ ♣❡rs✉❛❞❡❞
❤✐s ❝♦♠♣❛♥② ●❡♥❡r❛❧ ❉②♥❛♠✐❝s ❈♦r♣♦r❛t✐♦♥ ❛❢t❡r ❛ ❝♦♥❢❡r❡♥❝❡ ❤❡❧❞ ✐♥ ●❡♥❡✈❛✱
❙✇✐t③❡r❧❛♥❞✱ t♦ ❞❡✈❡❧♦♣ ♥✉❝❧❡❛r r❡❛❝t♦rs ❛♥❞ ♥✉❝❧❡❛r ❡♥❡r❣② ♦♥ ❛ ❝♦♠♠❡r❝✐❛❧ ❜❛s❡s✳
■♥ ✶✾✺✻ ●❡♥❡r❛❧ ❆t♦♠✐❝ ✭●❆✮ ✇❛s ❢♦✉♥❞❡❞ ✇✐t❤ ❞❡ ❍♦✛♠❛♥♥ ❛s ♣r❡s✐❞❡♥t✳ ❖♥❡
♦❢ t❤❡ r❡s❡❛r❝❤ ❣r♦✉♣s ♦❢ ●❆ ✐♥s✐st❡❞ t❤❛t t❤❡ r❡❛❝t♦r t♦ ❜❡ ❜✉✐❧❞ s❤♦✉❧❞ ❜❡ ❛s
s❛❢❡ ❛s ♦♥❡ t❤❛t ✑❝♦✉❧❞ ❜❡ ❣✐✈❡♥ t♦ ❛ ❜✉♥❝❤ ♦❢ ❤✐❣❤ s❝❤♦♦❧ ❝❤✐❧❞r❡♥ t♦ ♣❧❛② ✇✐t❤✱
✇✐t❤♦✉t ❛♥② ❢❡❛r t❤❛t t❤❡② ✇♦✉❧❞ ❣❡t ❤✉rt✑ ✶✳ ❆❧s♦ t❤❡ r❡❛❝t♦r ❢✉❡❧ ✐ts❡❧❢ s❤♦✉❧❞
❤❛✈❡ ✐♥❤❡r❡♥t s❛❢❡t② ❢❡❛t✉r❡s✱ ❛♥❞ ♥♦t ♦♥❧② t❤❡ r❡❛❝t♦r ✐ts❡❧❢✳ ❚❤❡ ♣r♦t♦t②♣❡ ♦❢ t❤❡
r❡❛❝t♦r✱ ❚❘■●❆ ▼❛r❦ ■ ❛❝❤✐❡✈❡❞ ✜rst ❝r✐t✐❝❛❧✐t② ♦♥ ▼❛② 3rd ✶✾✺✽ ✐♥ ❈❛❧✐❢♦r♥✐❛✳
❚❤❡ s❛❢❡t② ♦❢ t❤✐s r❡❛❝t♦r t②♣❡ ✇❛s s❤♦✇♥ ❞✉r✐♥❣ s❡✈❡r❛❧ ❝♦♥❢❡r❡♥❝❡s✱ ❛♥❞ ✐♥✐t✐❛t❡❞
❛ q✉✐❝❦ s❡❧❧✐♥❣ ♣r♦❝❡ss ♦❢ t❤✐s r❡❛❝t♦r ❬✷❪✳ ❚❤❡ r❡s❡❛r❝❤ r❡❛❝t♦r ♦❢ t❤❡ ❚❡❝❤♥✐❝❛❧
❯♥✐✈❡rs✐t② ❱✐❡♥♥❛ ❛t t❤❡ ❆t♦♠✐♥st✐t✉t ✐s ❧♦❝❛t❡❞ ❝❧♦s❡ t♦ t❤❡ ❝❡♥t❡r ♦❢ ❱✐❡♥♥❛✳
❚❤❡ r❡❛❝t♦r ✇❛s ❜✉✐❧t ❜② ●❡♥❡r❛❧ ❆t♦♠✐❝ ✭❙❛♥ ❉✐❡❣♦✱ ❈❛❧✐❢♦r♥✐❛✱ ❯✳❙✳❆✮ ✐♥ t❤❡
②❡❛rs ✶✾✺✾ ✲ ✶✾✻✷✳ ❚❤❡ ✜rst ❝r✐t✐❝❛❧✐t② ✇❛s ❛❝❤✐❡✈❡❞ ♦♥ ▼❛r❝❤ 7th ✶✾✻✷✳ ❚❘■●❆
st❛♥❞s ❢♦r ❚r❛✐♥✐♥❣✱ ❘❡s❡❛r❝❤✱ ■s♦t♦♣❡✱ ●❡♥❡r❛❧ ❆t♦♠✐❝s✱ ❛♥❞ ✐s ❛ ♣✉r❡ r❡s❡❛r❝❤
r❡❛❝t♦r ♦❢ t❤❡ s✇✐♠♠✐♥❣ ♣♦♦❧ t②♣❡✳ ■t ✐s t❤❡ ♠♦st ✇✐❞❡❧② ✉s❡❞✱ ♥♦♥✲♣♦✇❡r ♥✉❝❧❡❛r
r❡❛❝t♦r ✐♥ t❤❡ ✇♦r❧❞✳ ❲♦r❧❞✇✐❞❡✱ ✻✻ ❚❘■●❆ r❡❛❝t♦rs ✇❡r❡ s♦❧❞✱ ✇❡r❡❜② ✐♥ ❊✉r♦♣❡
✶✵ r❡❛❝t♦rs ✇❡r❡ ✐♥st❛❧❧❡❞ ❬✶❪✳
❚❤❡ ❚❘■●❆ ✐♥ ❱✐❡♥♥❛ ✐s ♦♣❡r❛t✐♦♥❛❧ ✐♥ ❛✈❡r❛❣❡ ✷✷✵ ❞❛②s ❛ ②❡❛r✱ ✇✐t❤♦✉t ❛♥②

❧♦♥❣ ♦✉t❛❣❡s✳ ❚❤❡ ♠❛①✐♠✉♠ ❝♦♥t✐♥✉♦✉s ♣♦✇❡r ♦✉t♣✉t ✐s ✷✺✵ ❦❲ ✭t❤❡r♠❛❧✮✳ ❚❤❡
❤❡❛t ♣r♦❞✉❝❡❞ ✐s r❡❧❡❛s❡❞ ✐♥t♦ ❛ ❝❤❛♥♥❡❧ ♦❢ t❤❡ r✐✈❡r ❉❛♥✉❜❡ ✈✐❛ ❛ ♣r✐♠❛r② ❝♦♦❧❛♥t
❝✐r❝✉✐t ❛♥❞ ❛ s❡❝♦♥❞❛r② ❝♦♦❧❛♥t ❝✐r❝✉✐t✳ ❚❤❡ ♣r✐♠❛r② ❝♦♦❧✐♥❣ ❝✐r❝✉✐t ✐s ❞❡✐♦♥✐③❡❞✱
❞✐st✐❧❧❡❞ ✇❛t❡r ❛t t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ 20◦❈ ❛♥❞ 40◦❈✳ ❚❤❡ s❡❝♦♥❞❛r② ❝✐r❝✉✐t ✐s
❣r♦✉♥❞ ✇❛t❡r ❛t t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ 12◦❈ ❛♥❞ 18◦❈✳ ❚❤❡ t✇♦ ❝✐r❝✉✐ts ❛r❡ ❜❡✐♥❣

✶ ❉❨❙❖◆✱ ❋✳✱ ✏❚❤❡ ❧✐tt❧❡ r❡❞ s❝❤♦♦❧❤♦✉s❡✑✱ ❉✐st✉r❜✐♥❣ t❤❡ ❯♥✐✈❡rs❡✱ ❇❛s✐❝ ❇♦♦❦s✱ ◆❡✇ ❨♦r❦
✭✶✾✼✾✮ ✾✹✕✶✵✸✳

✶
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s❡♣❛r❛t❡❞ ❜② ❛ ❤❡❛t ❡①❝❤❛♥❣❡r✳ ❆t ♥♦♠✐♥❛❧ ♣♦✇❡r ♦❢ ✷✺✵ kWth t❤❡ ❝❡♥tr❡ ❢✉❡❧
t❡♠♣❡r❛t✉r❡ ✐s ❛❜♦✉t 200◦❈ ❛♥❞ t❤❡ t❤❡r♠❛❧ ✢✉① ❛♠♦✉♥ts 1 × 1013cm−2s−1 ✐♥
t❤❡ ❝♦r❡ ❝❡♥tr❡✳ ❋✐❣✉r❡ ✶✳✶ s❤♦✇s ❛ s❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ t❤❡ r❡❛❝t♦r ❬✶❪✳

❋✐❣✉r❡ ✶✳✶✿ ❙❝❤❡♠❛t✐❝ ❉r❛✇✐♥❣ ♦❢ ❚r✐❣❛ ▼❆❘❑ ■■ ❘❡❛❝t♦r ❱✐❡♥♥❛✱ ❬✻❪

✶✳✷ ❚❘■●❆ ❝❤❛r❛❝t❡r✐st✐❝s

❚❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤ ♦✉t❧✐♥❡s t❤❡ t❡❝❤♥✐❝❛❧ ❞❛t❛ ♦❢ t❤❡ ❚❘■●❆ r❡❛❝t♦r ✐♥ ❱✐✲
❡♥♥❛✷✿

✶✳ ❘❡❛❝t♦r ❈♦r❡

❼ ❚❤❡ ❢✉❡❧ ✲♠♦❞❡r❛t♦r ♠❛t❡r✐❛❧ ❝♦♥s✐sts ♦❢ ✽✇t% ✉r❛♥✐✉♠✱ ✾✶✇t% ③✐r❝♦✲
♥✐✉♠ ❛♥❞ ✶✇t% ❤②❞r♦❣❡♥✳

❼ ❚❤❡ ♠❛①✐♠✉♠ ✉r❛♥✐✉♠ ❡♥r✐❝❤♠❡♥t ✐s ✶✾✳✼✺ % ✉r❛♥✐✉♠ ✷✸✺✳

❼ ❚❤❡ ❢✉❡❧ ❡❧❡♠❡♥t ❞✐♠❡♥s✐♦♥s ❛r❡ ✸✳✼✺ ❝♠ ✐♥ ❞✐❛♠❡t❡r ❛♥❞ ✼✷✳✷✹ ❝♠ ✐♥
❧❡♥❣t❤✳

❼ ❚❤❡ ❝❧❛❞❞✐♥❣ ❝♦♥s✐sts ♦❢ ✵✳✺✶ ♠♠ st❡❡❧

✷❬✶✱♣✳✺✲✻❪

✷
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❼ ❚❤❡ ❛❝t✐✈❡ ❝♦r❡ ✈♦❧✉♠❡ ✐s ♠❛①✳ ✹✾✳✺ ❝♠ ✐♥ ❞✐❛♠❡t❡r ❛♥❞ ✸✺✳✺✻ ❝♠ ✐♥
❤❡✐❣❤t✳

✷✳ ❘❡✢❡❝t♦r

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

❼ ❚❤❡ r❛❞✐❛❧ t❤✐❝❦♥❡ss ✐s ✸✵✳✺ ❝♠✳

❼ ❚❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ t❤✐❝❦♥❡ss ✐s ✶✵✳✷ ❝♠✳

✸✳ ❈♦♥str✉❝t✐♦♥
❚❤❡ r❡❛❝t♦r ✐s ❝♦♥str✉❝t❡❞ ✇✐t❤ ❛ ❤❡❛✈② ❛♥❞ st❛♥❞❛r❞ ❝♦♥❝r❡t❡✱ ✻✳✺✺ ♠ ❤✐❣❤✱
✻✳✶✾ ♠ ✇✐❞❡✱ ✽✳✼✻ ♠ ❧♦♥❣✳ ❚❤❡ t❛♥❦ ✐s ✶✳✾✽ ♠ ✐♥ ❞✐❛♠❡t❡r ❛♥❞ ✻✳✹ ♠ ✐♥
❞❡♣t❤✳

✹✳ ❙❤✐❡❧❞✐♥❣

❼ ❚❤❡ r❛❞✐❛❧ s❤✐❡❧❞✐♥❣ ❝♦♥s✐sts ♦❢ ✸✵✳✺ ♠ ♦❢ ❣r❛♣❤✐t❡✱ ✹✺✳✼ ❝♠ ♦❢ ✇❛t❡r
❛♥❞ ❛t ❧❡❛st ♦❢ ✷✵✻ ❝♠ ♦❢ ❤❡❛✈② ❝♦♥❝r❡t❡✳

❼ ❚❤❡ ✈❡rt✐❝❛❧ s❤✐❡❧❞✐♥❣ ✐s ✹✳✾ ♦❢ ✇❛t❡r ❛❜♦✈❡ t❤❡ ❝♦r❡ ❛♥❞ ✶✵✳✷ ❝♠ ♦❢
❣r❛♣❤✐t❡ ✉♥❞❡r♥❡❛t❤ t❤❡ ❝♦r❡ ❛♥❞ ❛❞❞✐t✐♦♥❛❧ ✻✶ ❝♠ ♦❢ ✇❛t❡r ❢♦❧❧♦✇❡❞ ❜②
♠✐♥✐♠✉♠ ✾✶ ❝♠ ♦❢ st❛♥❞❛r❞ ❝♦♥❝r❡t❡✳

✺✳ ■rr❛❞✐❛t✐♦♥ ❉❡✈✐❝❡s

❼ ❚❤❡r❡ ❛r❡ ❢♦✉r ❜❡❛♠ ❤♦❧❡s✱ ❡❛❝❤ ✇✐t❤ ✶✺✳✷ ❝♠ ✐♥ ❞✐❛♠❡t❡r✳

❼ ❚❤❡ r❡❛❝t♦r ❤❛s ♦♥❡ ❝❡♥tr❛❧ ✐rr❛❞✐❛t✐♦♥ t✉❜❡ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ ❝♦r❡✳

❼ ❚❤❡r❡ ❛r❡ ✜✈❡ r❡✢❡❝t♦r ✐rr❛❞✐❛t✐♦♥ t✉❜❡s✳

❼ ❚❤❡ r❡❛❝t♦r ❤❛s ♦♥❡ ♣♥❡✉♠❛t✐❝ tr❛♥s❢❡r s②st❡♠ ♥❡❛r t❤❡ ❝♦r❡ ❡❞❣❡

❼ ❆ t❤❡r♠❛❧ ❝♦❧✉♠♥ ✇✐t❤ ❝r♦ss s❡❝t✐♦♥ ✶✳✷✷ ♠ × ✶✳✷✷ ♠ ❛♥❞ ❧❡♥❣t❤ ✶✳✻✽ ♠

❼ ❆♥ ❡①♣❡r✐♠❡♥t❛❧ t❛♥❦ ✇✐t❤ s✉r❢❛❝❡ ❛r❡❛ ✷✳✹✹ ♠ × ✷✳✼✹ ♠ ❛♥❞ ❞❡♣t❤
✸✳✻✻ ♠❀ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ r❡❛❝t♦r ❜② ♠❡❛♥s ♦❢ ❛ ♥❡✉tr♦♥ r❛❞✐♦❣r❛♣❤②
❝♦❧❧✐♠❛t♦r ✵✳✻✶ ♠ × ✵✳✻✶ ♠ ✐♥ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ ✶✳✷✷ ♠ ❧♦♥❣✳

❼ ❲✐t❤❡ ♥❡✉tr♦♥ ❜❡❛♠✱ ✇✐t❤ ❛ t❤❡r♠❛❧ ♥❡✉tr♦♥ ✢✉① ♦❢ ✉♣ t♦ 107/cm2s

❚❤❡ ❛❝❝❡ss✐❜❧❡ ❡①♣❡r✐♠❡♥t❛❧ s✐t❡ ❤❛s ❛ s✐③❡ ♦❢ ✸✳✼ × ✸✳✼ × ✷✳✷♠❫✸✱ t❤❡
❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ✐s ✉♣ t♦ ✻✺ × ✻✺ ♠♠❫✷

✸
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✻✳ ❈♦♥tr♦❧ ❙②st❡♠
❚❤❡ ❝♦♥tr♦❧ s②st❡♠ ❝♦♥s✐sts ♦❢ ✿

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

❼ ❖♥❡ ♣♥❡✉♠❛t✐✈❡ ❜♦r♦♥ ❝❛r❜✐❞❡ tr❛♥s✐❡♥t r♦❞ ❞r✐✈❡♥ ❜② ❝♦♠♣r❡ss❡❞ ❛✐r

❚❤❡ ♠❛①✐♠✉♠ r❡❛❝t✐✈✐t② ✐♥s❡rt✐♦♥ r❛t❡ ✲ t✐♠❡ r❛t❡ ♦❢ ❝❤❛♥❣❡ ✭❡①❝❧✉❞✐♥❣ ♣✉❧s❡
♦♣❡r❛t✐♦♥✮ ✐s ✵✳✵✹%δ ❦✴❦ ♣❡r s❡❝♦♥❞✳ ❚❤❡ t♦t❛❧ r♦❞ ✇♦rt❤ ❛❜♦✉t ✹✳✽%δ ❦✴❦✳

✶✳✷✳✶ ❚❘■●❆ ❙❛❢❡t②

❚❤❡ s❛❢❡t② ❢❡❛t✉r❡s ♦❢ t❤❡ r❡❛❝t♦r ❛r❡ ❞✉❡ t♦ ✐ts ❧❛r❣❡ ♥❡❣❛t✐✈❡ t❡♠♣❡r❛t✉r❡ ❝♦❡❢✲
✜❝✐❡♥t ♦❢ r❡❛❝t✐✈✐t② ✭10−4∆k/k/◦C✮ ❛♥❞ ♥❡❣❛t✐✈❡ ✈♦✐❞ ❝♦❡✣❝✐❡♥t✱ ✇❤✐❝❤ ❛r❡ ❜❛s❡❞
♦♥ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ♥❡✉tr♦♥ t❡♠♣❡r❛t✉r❡ ❜② t❤❡ ❝r②st❛❧❧✐♥❡ ❡✛❡❝t ♦❢ t❤❡ ❩r❍ ♠❛t❡r✐❛❧
✉s❡❞ ✐♥ t❤❡ ❢✉❡❧✳ ❚❤✐s ♥❡❣❛t✐✈❡ t❡♠♣❡r❛t✉r❡ ❝♦❡✣❝✐❡♥t ❧✐♠✐ts t❤❡ ♣♦✇❡r ❡①❝✉rs✐♦♥
❞✉r✐♥❣ ❛ s✉❞❞❡♥ ✐♥❝r❡❛s❡ ♦❢ r❡❛❝t✐✈✐t②✳ ❆ ❧❛r❣❡ ✐♥s❡rt✐♦♥ ♦❢ r❡❛❝t✐✈✐t② ❝❛♥ ♣✉❧s❡
t❤❡ r❡❛❝t♦r t♦ ❛ ♣♦✇❡r ❧❡✈❡❧ ♦❢ ✷✺✵ ▼❲✳ ❚❤✐s ✐s ❞✐r❡❝t❧② ❧✐♥❦❡❞ t♦ t❤❡ ❤♦♠♦❣❡♥♦✉s
♠✐①t✉r❡ ♦❢ t❤❡ ❢✉❡❧ ✭❯✮ ✇✐t❤ t❤❡ ♠♦❞❡r❛t♦r ✭❩r✱ ❍✮ ✐♥ t❤❡ ❢✉❡❧ r♦❞s✳ ❚❤❡ ♣r♦♠♣t
♥❡❣❛t✐✈❡ t❡♠♣❡r❛t✉r❡ ❝♦❡✣❝✐❡♥t ❛s ❛ s❡❧❢ ❧✐♠✐t✐♥❣ ♣r♦♣❡rt② ❜r✐♥❣s ❞♦✇♥ t❤❡ ♣♦✇❡r
✐♠♠❡❞✐❛t❡❧② ✭✹✵ ♠s✮ ❛❢t❡r t❤❡ ✐♥❝r❡❛s❡✳ ❚❤❡ r❡❛❝t♦r ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ t❤r❡❡
❝♦♥tr♦❧ r♦❞s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ✇❤✐❝❤ ❝♦♥t❛✐♥ ❜♦r♦♥ ❝❛r❜✐❞❡ ❛s ❛❜s♦r❜❡r ♠❛t❡r✐❛❧✳
❲❤❡♥ t❤❡s❡ r♦❞s ❛r❡ ❢✉❧❧② ✐♥s❡rt❡❞ ✐♥t♦ t❤❡ r❡❛❝t♦r ❝♦r❡✱ t❤❡ ♥❡✉tr♦♥s ❝♦♥t✐♥✉♦✉s❧②
❡♠✐tt❡❞ ❢r♦♠ ❛ st❛rt✲✉♣ s♦✉r❝❡ ✭❙❜✲❇❡ ♣❤♦t♦✲♥❡✉tr♦♥ s♦✉r❝❡✮ ❛r❡ ❛❜s♦r❜❡❞ ❜② t❤❡
r♦❞s ❛♥❞ t❤❡ r❡❛❝t♦r r❡♠❛✐♥s s✉❜✲❝r✐t✐❝❛❧✳ ■❢ t❤❡ ❛❜s♦r❜❡r r♦❞s ❛r❡ ✇✐t❤❞r❛✇♥ ❢r♦♠
t❤❡ ❝♦r❡✱ ✭t✇♦ ♦❢ t❤❡♠ ❜② ❛♥ ❡❧❡❝tr✐❝ ♠♦t♦r ❛♥❞ ♦♥❡ ♣♥❡✉♠❛t✐❝❛❧❧②✮ t❤❡ ♥✉♠❜❡r
♦❢ ✜ss✐♦♥s ✐♥ t❤❡ ❝♦r❡ ❛♥❞ t❤❡ ♣♦✇❡r ❧❡✈❡❧ ✐♥❝r❡❛s❡s✳ ❚❤❡ st❛rt✲✉♣ ♣r♦❝❡ss t❛❦❡s
r♦✉❣❤❧② ✜✈❡ ♠✐♥✉t❡ ❢♦r t❤❡ r❡❛❝t♦r t♦ r❡❛❝❤ ❛ ♣♦✇❡r ❧❡✈❡❧ ♦❢ ✷✺✵ ❦❲ ❢r♦♠ t❤❡
s✉❜✲❝r✐t✐❝❛❧ st❛t❡✳ ❚❤❡ r❡❛❝t♦r ❝❛♥ ❜❡ s❤✉t✲❞♦✇♥ ❡✐t❤❡r ♠❛♥✉❛❧❧② ♦r ❛✉t♦♠❛t✐❝❛❧❧②
❜② t❤❡ s❛❢❡t② s②st❡♠✳ ■t t❛❦❡s ❛❜♦✉t ✶✴✶✵ ♦❢ ❛ s❡❝♦♥❞ ❢♦r t❤❡ ❝♦♥tr♦❧ r♦❞s t♦ ❢❛❧❧
✐♥t♦ t❤❡ ❝♦r❡ ❬✶✱ ✷❪✳

✶✳✷✳✷ ❚❤❡ ❢✉❡❧ ❝♦r❡

■♥ ✷✵✶✸ t❤❡ ❝♦r❡ ❝♦♥s✐st❡❞ ♦❢ ✼✽ ❢✉❡❧ ❡❧❡♠❡♥ts✱ ❝✉rr❡♥t❧② ✭✷✵✷✵✮ t❤❡r❡ ❛r❡ ✽✷✳ ❚❤❡②
❛r❡ ✸✳✼✺ ❝♠ ✐♥ ❞✐❛♠❡t❡r ❛♥❞ ✼✷✳✷✹ ❝♠ ❧♦♥❣ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✷✳ ❚❤❡② ❛r❡
❛rr❛♥❣❡❞ ✐♥ ❛♥ ❛♥♥✉❧❛r ❧❛tt✐❝❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✸✳ ❚✇♦ ♦❢ t❤❡ ❡❧❡♠❡♥ts ❤❛✈❡
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t❤❡r♠♦❝♦✉♣❧❡s ✐♠♣❧❡♠❡♥t❡❞✱ t❤♦s❡ ❛❧❧♦✇ ❛ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❢✉❡❧
❞✉r✐♥❣ r❡❛❝t♦r ♦♣❡r❛t✐♦♥✳ ❚❤❡ t♦t❛❧ ✉r❛♥✐✉♠ ♠❛ss ✐s ✷✳✸ ❦❣ ♦❢ ✉r❛♥✐✉♠✳ ❆ ❚❘■●❆
❢✉❡❧ ❡❧❡♠❡♥t ❝♦♥s✐sts ♦❢ ❛ ✉♥✐❢♦r♠ ♠✐①t✉r❡ ♦❢ ✽ ✇t% ✉r❛♥✐✉♠✱ ✶ ✇t% ❤②❞r♦❣❡♥ ❛♥❞
✾✶ ✇t% ③✐r❝♦♥✐✉♠✱ ✇✐t❤ ③✐r❝♦♥✐✉♠✲❤②❞r✐❞❡ ❛s ♠❛✐♥ ♠♦❞❡r❛t♦r✳ ❚❤❡ ❝❧❛❞❞✐♥❣ ♦❢
t❤❡ ❝✉rr❡♥t ❝♦r❡ ✐s st❛✐♥❧❡ss st❡❡❧✱ ❜❡❢♦r❡ t❤❡ ❍❊❯ t♦ ▲❊❯ ❝♦♥✈❡rs✐♦♥ ✭s❡❡ ❈❤❛♣t❡r
✶✳✸✮ t❤❡r❡ ✇❡r❡ ❛❧s♦ s♦♠❡ ❡❧❡♠❡♥ts ✇✐t❤ ❛❧✉♠✐♥✉♠ ❝❧❛❞❞✐♥❣❬✶❪✳

❋✐❣✉r❡ ✶✳✷✿ ❉r❛✇✐♥❣s ♦❢ ❋✉❡❧ ❊❧❡♠❡♥ts ♦❢ ❚❘■●❆ ❘❡❛❝t♦r✱ ❬✶✱ ♣✳✶✵❪
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❋✐❣✉r❡ ✶✳✸✿ ❚❤❡ ❝✉rr❡♥t ❧❛tt✐❝❡ ♦❢ t❤❡ ❝♦r❡ ❡❧❡♠❡♥ts✳ ❚❤❡ ♥❡✉tr♦♥ s♦✉r❝❡ ✐s s❤♦✇♥
✐♥ ❣r❡❡♥ ❧❛❜❡❧✱ t❤❡ ❣r❛♣❤✐t❡ ❡❧❡♠❡♥ts ✐♥ ❜❧✉❡✱ ❛♥❞ r❡❣✉❧❛r ❡❧❡♠❡♥ts ✐♥
r❡❞✳ ❚❤❡ ❝❡♥tr❛❧ ✐rr❛❞✐❛t✐♦♥ r♦❞ ✐s s❤♦✇♥ ✐♥ t❤❡ ♠✐❞❞❧❡✱ ❬✶✱ ♣✳✶✶❪

✶✳✸ ❍❊❯ t♦ ▲❊❯ ❝♦♥✈❡rs✐♦♥ ♣r♦❥❡❝t

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❈❖❉❊ ✶✵ ❈❋❘ ✺✵✳✻✹ ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ❈♦❞❡ ♦❢ ❋❡❞❡r❛❧ ❘❡❣✲
✉❧❛t✐♦♥s✱ ✐t ✐s r❡q✉✐r❡❞ t❤❛t ♥♦♥ ♣♦✇❡r r❡❛❝t♦rs r❡♣❧❛❝❡ ❛❧❧ ❍❊❯ ❢✉❡❧ ✭❢✉❡❧ ✇✐t❤
♠♦r❡ t❤❛♥ 20% ❡♥r✐❝❤♠❡♥t✮ ✇✐t❤ ▲❊❯ ✭❢✉❡❧ ✇✐t❤ ❧❡ss t❤❡♥ 20% ❡♥r✐❝❤♠❡♥t✮✳ ❙❡✈✲
❡r❛❧ ❚❘■●❆ r❡❛❝t♦rs ❤❛✈❡ ✉♥❞❡r❣♦♥❡ t❤✐s ❝❤❛♥❣❡ ✐♥ t❤❡ ❯❙❀ ✐♥ ✷✵✶✷ t❤❡ ❆✉str✐❛♥
❚❘■●❆ r❡❛❝t♦r ❢♦❧❧♦✇❡❞ t❤✐s r❡❣✉❧❛t✐♦♥✳ ❚❤✐s ✇❛s ❛❧s♦ ♥❡❝❡ss❛r② ❛s t❤❡ ♦r✐❣✐♥❛❧
❢✉❡❧ ❡❧❡♠❡♥ts r❡❛❝❤❡❞ t❤❡✐r ♠❛①✐♠✉♠ ❜✉r♥✲✉♣✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ✐♥❝❡♥t✐✈❡ t♦ t❤✐s
r❡q✉✐r❡♠❡♥t ✐s t❤❡ ❆✉str✐❛♥ ♣♦s✐t✐♦♥ ♥♦t t♦ st♦r❡ ❛♥② s♣❡♥t ♥✉❝❧❡❛r ❢✉❡❧ ✐♥ t❤❡
❝♦✉♥tr②✳ ■♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ r❡❛❝t♦r ❛t t❤❡ ❆t♦♠✐♥✐st✐t✉t ♦♣❡r❛t✐♦♥❛❧✱ ♥❡✇ ❢✉❡❧
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❡❧❡♠❡♥ts ✇❡r❡ ♥❡❝❡ss❛r②✳ ❚❤❡ ♥❡❣♦t✐❛t✐♦♥s st❛rt❡❞ ✐♥ ❆♣r✐❧ ✷✵✶✶ ❜❡t✇❡❡♥ t❤❡ ❯❙
❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣② ✭❉❖❊✮✱ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❆t♦♠✐❝ ❊♥❡r❣② ❆❣❡♥❝② ✭■❆❊❆✮
❛♥❞ t❤❡ ❆t♦♠✐♥st✐t✉t✳ ❚❤❡ ■❆❊❆ ❤❛❞ ❛ ✈❡r② ❤✐❣❤ ✐♥t❡r❡st ✐♥ ❦❡❡♣✐♥❣ t❤❡ r❡❛❝t♦r
♦♣❡r❛t✐♦♥❛❧✱ ❛s ✐t✬s t❤❡ ❝❧♦s❡st ♥✉❝❧❡❛r ❢❛❝✐❧✐t② t♦ ✐ts ❤❡❛❞q✉❛rt❡rs✳ ■♥ ❡❛r❧② s✉♠✲
♠❡r ✷✵✶✶✱ t❤❡ ❆✉str✐❛♥ ♠✐♥✐str✐❡s✱ t❤❡ ■❆❊❆ ❛♥❞ t❤❡ ❉❖❊ r❡❛❝❤❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣
❝♦♥❝❧✉s✐♦♥✿ ❆✉str✐❛ r❡t✉r♥❡❞ ✾✶ s♣❡♥t ❢✉❡❧ ❡❧❡♠❡♥ts t♦ t❤❡ ❯❙ ✭■❞❛❤♦ ◆❛t✐♦♥❛❧ ▲❛❜✲
♦r❛t♦r② ■◆▲✮✱ ❛♥❞ r❡❝❡✐✈❡❞ ✼✼ ♥❡✇ ❢✉❡❧ ❡❧❡♠❡♥ts ✇✐t❤ ❧♦✇ ❜✉r♥ ✉♣✱ st❡❡❧ ❝❧❛❞❞✐♥❣
❛♥❞ ❧♦✇ ❡♥r✐❝❤♠❡♥t✳ ❚❤❡ ❢✉❡❧ ❡①❝❤❛♥❣❡ ✇❛s ❝❛rr✐❡❞ ♦✉t ✐♥ ◆♦✈❡♠❜❡r ✷✵✶✷✱ t❤r♦✉❣❤
❙❧♦✈❡♥✐❛ ❛♥❞ ■t❛❧② ❬✶✱ ✷✱ ✸❪✳

✶✳✹ ❘❛❞✐♦❛❝t✐✈❡ ❈♦r❡ ■♥✈❡♥t♦r② ❛s ♦❢ ❆♣r✐❧ ✷✵✶✷

❉❛t❡ ◆✉♠❜❡r ♦❢ ❢✉❡❧ ❡❧❡✲
♠❡♥ts

❈❧❛❞❞✐♥❣ ▼❛t❡r✐❛❧ ❘❡♠❛r❦s

✵✺✳✶✷✳✶✾✻✶ ✻✻ ❆❧✱ ✷✵% ✷ ✐♥str✉♠❡♥t❡❞ ❢✉❡❧ ❡❧❡✲
♠❡♥ts

✶✾✳✵✷✳✶✾✻✺ ✷ ❆❧✱ ✷✵%
✵✷✳✵✽✳✶✾✻✻ ✸ ❙❙❚✱ 20%
✷✶✳✶✵✳✶✾✻✽ ✸ ❙❙❚✱ 20% ✶ ✐♥str✉♠❡♥t❡❞ ❢✉❡❧ ❡❧❡♠❡♥t

✺✷✽✹ ❚❈❊
✶✾✳✶✵✳✶✾✼✷ ✾ ❙❙❚✱ 70%
✵✷✳✶✷✳✶✾✽✵ ✶ ❙❙❚✱ 20% ✶ ✐♥str✉♠❡♥t❡❞ ❢✉❡❧ ❡❧❡♠❡♥t

✽✷✺✼ ❚❈❊
✵✾✳✵✽✳✶✾✽✷ ✸ ❙❙❚✱ 20%
✶✺✳✵✷✳✶✾✽✸ ✷ ❙❙❚✱ 20% ✷ ✐♥str✉♠❡♥t❡❞ ❢✉❡❧ ❡❧❡✲

♠❡♥ts ✽✼✸✵✱ ✽✼✸✶ ❚❈❊
✷✶✳✵✽✳✶✾✽✼ ✸ ❙❙❚✱ 20%
✶✾✳✶✵✳✶✾✽✽ ✸ ❙❙❚✱ 20%
✵✶✳✵✷✳✶✾✾✵ ✸ ❙❙❚✱ 20%
✶✹✳✶✷✳✷✵✵✵ ✽ ❙❙❚✱ 20%
❚♦t❛❧ ✶✵✹

❚❛❜❧❡ ✶✳✶✿ ◆✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts ❛♥❞ ❞❛t❡ ♦❢ ❡♥tr② ✐♥t♦ ❝♦r❡ ❢♦r r❡❛❝t♦r ❝♦r❡ ❜❡❢♦r❡
✷✵✶✷ ❬✸✱ ♣✳✷❪

❖❢ t❤♦s❡ ✶✵✹ ❢✉❡❧ ❡❧❡♠❡♥ts✱ ✻ ❢r❡s❤ ❢✉❡❧ ❡❧❡♠❡♥ts ✇❡r❡ ❦❡♣t✱ ❛s ✇❡❧❧ ❛s ✺ ✇✐t❤ t❤❡
❢❡✇❡st ❜✉r♥✲✉♣✳ ✾✶ ✇❡r❡ r❡t✉r♥❡❞✳

✼
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✶✳✺ ❙❡✈❡r❡ ❛❝❝✐❞❡♥ts ❛♥❛❧②s✐s ❢♦r ❚❘■●❆ ▼❆❘❑ ■■

r❡❛❝t♦r ❱✐❡♥♥❛

✶✳✺✳✶ ❙❡✈❡r❡ ❛❝❝✐❞❡♥t ❛♥❛❧②s✐s ❢♦r ❚❘■●❆ r❡❛❝t♦rs

❆❝❝✐❞❡♥t s❝❡♥❛r✐♦s ❢♦r ❚❘■●❆ r❡❛❝t♦rs ✇❡r❡ ❛♥❛❧②s❡❞ ♦✈❡r t❤❡ ✇❤♦❧❡ ♦♣❡r❛t✐♦♥❛❧
♣❡r✐♦❞ ♦❢ ❚❘■●❆ r❡❛❝t♦rs✳ ❙✳❈✳ ❍❛✇❧❡②✱ ❘✳▲✳ ❑❛t❤r❡♥ ❡t ❛❧✳ ❬✶✵❪ ❞❡s❝r✐❜❡ s❡✈❡r❛❧
❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s ✿

❼ ❡①❝❡ss r❡❛❝t✐✈✐t② ✐♥s❡rt✐♦♥s

❼ ♠❡t❛❧ ✇❛t❡r r❡❛❝t✐♦♥s

❼ ❧♦st✱ ♠✐s♣❧❛❝❡❞ ♦r ✐♥❛❞✈❡rt❡♥t ❡①♣❡r✐♠❡♥t

❼ ♠❡❝❤❛♥✐❝❛❧ r❡❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ ❝♦r❡

❼ ❧♦ss✲♦❢✲❝♦♦❧❛♥t ❛❝❝✐❞❡♥t

❼ ❝❤❛♥❣❡s ✐♥ ❢✉❡❧ ♠♦r♣❤♦❧♦❣② ❛♥❞ ZrHx ❝♦♠♣♦s✐t✐♦♥

❼ ❢✉❡❧ ❤❛♥❞❧✐♥❣

❚❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ s❝❡♥❛r✐♦s s❤♦✇❡❞ ❧✐tt❧❡ ✐♠♣❛❝t ♦♥ t❤❡ ♣✉❜❧✐❝ ✐♥ ♣r❡✈✐♦✉s
❛♥❛❧②❡s✳ ❚❤❡ ❝❛s❡ ♦❢ ♠❡❝❤❛♥✐❝❛❧ r❡❛rr❛♥❣❡♠❡♥ts ❞✉❡ t♦ ❡①t❡r♥❛❧ ❡✈❡♥ts ✇❛s ♦♥❧②
♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ❛♥❛❧②s❡s✳ ■t ✇♦✉❧❞ ❧❡❛❞ t♦ ❛ ♠❛❥♦r ❧♦ss ♦❢ ❝♦♦❧❛♥t✳ ❚❤❡ r❡✲
s✉❧ts ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ ✑♥♦t s✉✣❝✐❡♥t t♦ ♣r❡s❡♥t ❛♥ ♦✛s✐❞❡ ❤❛③❛r❞✑ ✸✳ ■♥ ♦r❞❡r t♦
♣r♦✈❡ t❤✐s ❤②♣♦t❤❡s❡s ❛♥❞ ✇✐t❤ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♣♦✇❡r❢✉❧ ❝♦♠♣✉t❡r ❝♦❞❡s✱ t❤❡
❢♦❧❧♦✇✐♥❣ ❛❝❝✐❞❡♥t ❛♥❛❧②s❡s ✇❡r❡ ♣♦ss✐❜❧❡✳

✶✳✺✳✷ ❙❡✈❡r❡ ❛❝❝✐❞❡♥t ❛♥❛❧②s✐s ❢♦r ❱✐❡♥♥❛ ❚❘■●❆ r❡❛❝t♦r

❚❤❡ ✜rst s❡✈❡r❡ ❛❝❝✐❞❡♥t ❛♥❛❧②s❡s ✇❡r❡ ❞♦♥❡ ✐♥ ✶✾✼✽ ✇✐t❤ t❤❡ ♣r♦❣r❛♠ ❙❚❘■❙❑✭s❡❡
❬✹❪✮✳ ■t ❧♦♦❦❡❞ ❛t t❤❡ ❞❡str✉❝t✐♦♥ ♦❢ t❤❡ ♠♦st ❛❝t✐✈❛t❡❞ ❢✉❡❧ ❡❧❡♠❡♥t✱ ❛♥❞ t❤❡
❞❡str✉❝t✐♦♥ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts✱ ❛s ✇❡❧❧ ❛s ❛ ♣❧❛♥❡ ❝r❛s❤ ♦♥ t❤❡ r❡❛❝t♦r✳ ■♥ ✷✵✵✾ ✐t
✇❛s ❞❡❝✐❞❡❞ t❤❛t ✉♣❞❛t❡s ✇❡r❡ ♥❡❝❡ss❛r② t♦ t❤♦s❡ ❛♥❛❧②s❡s✳ ❈♦♠♣✉t❡r ❝♦❞❡s ❤❛❞
❡✈♦❧✈❡❞✱ ❛♥❞ t❤❡ ♣r♦❣r❛♠ P❈✲❈♦s②♠❛ ✇❛s ❝❤♦s❡♥ ❛s t♦♦❧✳ ❚❤❡ ❜✉r♥✲✉♣ ♦❢ t❤❡
❡❧❡♠❡♥ts ✇❛s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❖❘■●❊◆✳ ❚♦ ❣❡t ❜❡tt❡r ❛♥❞ ♠♦r❡ r❡❛❧✐st✐❝ ✇❡❛t❤❡r

✸❬✶✵❪✱ ♣❛❣❡ ❱

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

✶✳✺✳✸ ❘❡s✉❧ts ♦❢ s❡✈❡r❡ ❛❝❝✐❞❡♥t ❛♥❛❧②s❡s ❜❡❢♦r❡ ✷✵✶✷

❍❛②❞♥ ❝❤♦s❡ ❢♦r ❤✐s ❛♥❛❧②s✐s ❢♦✉r s❝❡♥❛r✐♦s❬✺✱ ♣✳ ✻✽✲✾✻ ❪✱ t❤❡ ♦✉t❝♦♠❡ ♦❢ t❤♦s❡ ✇✐❧❧
❜❡ s❤♦rt❧② ❞❡s❝r✐❜❡❞✿

✶✳ ❉❡str✉❝t✐♦♥ ♦❢ ❢✉❡❧ ❡❧❡♠❡♥t ✇✐t❤ ❤✐❣❤❡st ❛❝t✐✈✐t② ❝♦♥t❡♥t

✷✳ ❉❡str✉❝t✐♦♥ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts

✸✳ ❈❛s❡ ♦❢ ❛ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤

✹✳ ❈❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤

❙❝❡♥❛r✐♦ ✶ ✲ ❉❡str✉❝t✐♦♥ ♦❢ ❢✉❡❧ ❡❧❡♠❡♥t ✇✐t❤ ❤✐❣❤❡st ❛❝t✐✈✐t② ❝♦♥t❡♥t

❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1 × 10−10 ❙✈ ✐♥ ❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢
✵✳✸✶ ❦♠ ❛❢t❡r ✶ ❞❛②✳ ❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1× 10−10 ❙✈ ✐♥
❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢ ✵✳✻ ❦♠ ❛❢t❡r ✺✵ ②❡❛rs✳ ❚❤✐s ❛♣♣❧✐❡s t♦ ❛ ✇✐♥❞ s♣❡❡❞ ♦❢ ✶ ♠✴s
❛♥❞ ♥♦ r❛✐♥✳ ❚❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✇❛s ❲◆❲✳

❙❝❡♥❛r✐♦ ✷ ✲ ❉❡str✉❝t✐♦♥ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts

❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1 × 10−8 ❙✈ ✐♥ ❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢
✵✳✷✶ ❦♠ ❛❢t❡r ✶ ❞❛②✳ ❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1× 10−8 ❙✈ ✐♥
❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢ ✵✳✹✻ ❦♠ ❛❢t❡r ✺✵ ②❡❛rs✳ ❚❤✐s ❛♣♣❧✐❡s t♦ ❛ ✇✐♥❞ s♣❡❡❞ ♦❢ ✶ ♠✴s
❛♥❞ ♥♦ r❛✐♥✳ ❚❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✇❛s ❲◆❲✳

❙❝❡♥❛r✐♦ ✸ ✲ ❈❛s❡ ♦❢ ❛ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤

❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1 × 10−7 ❙✈ ✐♥ ❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢
✵✳✷✶ ❦♠ ❛❢t❡r ✶ ❞❛②✳ ❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1× 10−7 ❙✈ ✐♥
❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢ ✵✳✺✸ ❦♠ ❛❢t❡r ✺✵ ②❡❛rs✳ ❚❤✐s ❛♣♣❧✐❡s t♦ ❛ ✇✐♥❞ s♣❡❡❞ ♦❢ ✶ ♠✴s
❛♥❞ ♥♦ r❛✐♥✳ ❚❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✇❛s ❲◆❲✳
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❙❝❡♥❛r✐♦ ✸ ✲ ❈❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤

❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1 × 10−4 ❙✈ ✐♥ ❛ r❛❞✐✉s ♦✉ts✐❞❡ ♦❢
✵✳✻ ❦♠ ❛❢t❡r ✶ ❞❛②✳ ❚❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✭■❈❘P✲✻✵✮ ✐s s♠❛❧❧❡r t❤❛♥ 1× 10−4 ❙✈ ✐♥ ❛
r❛❞✐✉s ♦✉ts✐❞❡ ♦❢ ✵✳✻ ❦♠ ❛❢t❡r ✺✵ ②❡❛rs✳ ❚❤✐s ❛♣♣❧✐❡s t♦ ❛ ✇✐♥❞ s♣❡❡❞ ♦❢ ✶ ♠✴s ❛♥❞
♥♦ r❛✐♥✳ ❚❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✇❛s ❲◆❲✳

❉✐s❝✉ss✐♦♥ ♦❢ t❤❡ s❡✈❡r❡ ❛❝❝✐❞❡♥t ❛♥❛❧②s❡s ❜❡❢♦r❡ ✷✵✶✷

❚❤❡ ✇♦r❦ ♦❢ ❍❛②❞♥ ❬✺❪ s❤♦✇s ❝♦♠♣❛r❛❜❧❡ r❡s✉❧ts t♦ ♣r❡✈✐♦✉s ✇♦r❦s✳ ❚❤❡ ❝♦♠♣✉✲
t❛t✐♦♥❛❧ ♠♦❞❡❧ ♦✛❡r❡❞ ♦♥❧② ❢❡✇ ✈❛r✐❛t✐♦♥ ♣♦ss✐❜✐❧✐t✐❡s r❡❣❛r❞✐♥❣ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧
❝♦♥❞✐t✐♦♥s✳ ❙♦ ♦♥❧② t❤❡ ❛✈❡r❛❣❡ ✇✐♥❞ ❛♥❞ r❛✐♥ ❞✐str✐❜✉t✐♦♥ ♦✈❡r t❤❡ ②❡❛r ✇❛s ✉s❡❞
❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❊s♣❡❝✐❛❧❧② t❤❡ r❛✐♥ ✇❛s ♥❡❣❧❡❝t❡❞ ✐♥ t❤✐s ❛♥❛❧②s✐s✱ ❛♥❞ r❛✐♥
❞✉r✐♥❣ ❛♥ ❛❝❝✐❞❡♥t ❝❛♥ str♦♥❣❧② ✐♥✢✉❡♥❝❡ t❤❡ ♦✉t❝♦♠❡ ❛♥❞ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ✐♥ t❤❡
s✉rr♦✉♥❞✐♥❣s ♦❢ t❤❡ r❡❛❝t♦r✳

✶✳✺✳✹ ❙❡✈❡r❡ ❛❝❝✐❞❡♥t ❛♥❛❧②s✐s ❢♦r ♥❡✇ ❝♦r❡ ❛❢t❡r ✷✵✶✷

❆❢t❡r t❤❡ r❡t✉r♥ ♦❢ t❤❡ ❍❊❯ ❡❧❡♠❡♥ts t♦ t❤❡ ❯❙✱ ❛♥❞ t❤❡ ✐♥✐t✐❛❧✐③❛t✐♦♥ ♦❢ t❤❡
♥❡✇ ❝♦r❡ ✐t ✇❛s ♥❡❝❡ss❛r② t♦ r❡✲❡✈❛❧✉❛t❡ t❤❡ s❡✈❡r❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s✳ ❚❤❡ r❡✲
s✐♠✉❧❛t✐♦♥ ✇✐t❤ t❤❡ ❝♦❞❡ P❈✲❈♦s②♠❛ ✇❛s ♦♥❡ ♦♣t✐♦♥✱ t❤❡ ♦t❤❡r ♦♣t✐♦♥ ✇❛s t♦
❧♦♦❦ ❢♦r ♥❡✇❡r ♦r ❜❡tt❡r ❡q✉✐♣♣❡❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦❞❡s✳ ❖♥❡ ♦♣t✐♦♥ ✇❛s t❤❡ ❝♦❞❡
❘❖❉❖❙ ✲ ❘❡❛❧ ❖♥t✐♠❡ ❉❡s✐❝✐❖♥ ❙✉♣♣♦rt Pr♦❣r❛♠✳ ❘❖❉❖❙ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧
✐♥ ❝❤❛♣t❡r ✹✳ ■t ✐s ♠❛✐♥❧② ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥s❡q✉❡♥❝❡s ❛❢t❡r
s❡✈❡r❡ ❛❝❝✐❞❡♥ts ✐♥ ♥✉❝❧❡❛r ♣♦✇❡r ♣❧❛♥ts✱ ❛s ✐t ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ t❤❡ ♥❡❝❡ss❛r② ❞❛t❛
♦❢ t❤❡ ❊✉r♦♣❡❛♥ ◆PPs✱ ❜✉t t❤❡ t♦♦❧ ✐s ❛❧s♦ ❛❜❧❡ t♦ ❜❡ ✉s❡❞ ❢♦r s♠❛❧❧❡r ✉t✐❧✐t✐❡s✱
s✉❝❤ ❛s r❡s❡❛r❝❤ r❡❛❝t♦rs✳ ❚❤❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❛r❡ ✢❡①✐❜❧❡ ❛s s❤♦✇♥ ✐♥ ❝❤❛♣t❡r
✹✳✶✳✶✳ ❚❤❡ ❛✐♠ ♦❢ t❤✐s ✇♦r❦ ✇❛s t♦ s❤♦✇ t❤❛t t❤❡ ❝❤♦s❡♥ s❝❡♥❛r✐♦s ❛r❡ ❝r❡❞✐❜❧❡✱
❛♥❞ t❤❛t t❤❡ ❝❤♦✐❝❡ ♦❢ ❛ ♥❡✇ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦❞❡ ✇❛s ♥❡❝❡ss❛r②✳ ■t ✇✐❧❧ ❛❧s♦ s❤♦✇
t❤❛t t❤❡ ❚❘■●❆ ❘❡❛❝t♦r ✐♥ ❱✐❡♥♥❛ ✐s ❛♥ ✉❧tr❛s❛❢❡ r❡❛❝t♦rt②♣❡✱ ✇✐t❤ ❡①tr❡♠❡❧②
❧✐tt❧❡ ✐♠♣❛❝t ♦♥ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❡✈❡♥ ✐♥ ❝❛s❡ ♦❢ ❛ s❡✈❡r❡ ❛❝❝✐❞❡♥t✳
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✷ ❙❛❢❡t② ♦❢ ❘❡s❡❛r❝❤ ❘❡❛❝t♦rs

❛♥❞ ❉❡✜♥✐t✐♦♥s

❚❤❡ s❛❢❡t② ❛♥❞ ♦♣❡r❛t✐♦♥❛❧ ♣r✐♥❝✐♣❧❡ ♦❢ ❛ ❚❘■●❆ r❡❛❝t♦r ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r
✶✳ ■♥ t❤✐s ❝❤❛♣t❡r t❤✐s ✇♦r❦ ✇✐❧❧ t❛❦❡ ❛ ❣❡♥❡r❛❧ ✈✐❡✇ ♦♥ s❛❢❡t② r❡q✉✐r❡♠❡♥ts ♦❢
r❡s❡❛r❝❤ r❡❛❝t♦rs✳ ❚❤❡ ■❆❊❆ ❬✼❪ ❞❡✜♥❡s ❛ r❡s❡❛r❝❤ r❡❛❝t♦r ❛s ✧❛ ♥✉❝❧❡❛r r❡❛❝t♦r
✭✐♥❝❧✉❞✐♥❣ ❝r✐t✐❝❛❧ ❛ss❡♠❜❧✐❡s ❛♥❞ s✉❜❝r✐t✐❝❛❧ ❛ss❡♠❜❧✐❡s✮ ✉s❡❞ ❢♦r ♥✉❝❧❡❛r r❡s❡❛r❝❤
❛♥❞ ❢♦r t❤❡ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ✉t✐❧✐③❛t✐♦♥ ♦❢ r❛❞✐❛t✐♦♥ ❢♦r r❡s❡❛r❝❤ ❛♥❞ ♦t❤❡r ♣✉r♣♦s❡s✳
❚❤✐s ❞❡✜♥✐t✐♦♥ ❡①❝❧✉❞❡s ♥✉❝❧❡❛r r❡❛❝t♦rs ✉s❡❞ ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❡❧❡❝tr✐❝✐t②✱
♥❛✈❛❧ ♣r♦♣✉❧s✐♦♥✱ ❞❡s❛❧✐♥❛t✐♦♥ ♦r ❞✐str✐❝t ❤❡❛t✐♥❣✳ ❚❤❡ t❡r♠ ❝♦✈❡rs t❤❡ r❡❛❝t♦r
❝♦r❡✱ r❛❞✐♦❛❝t✐✈❡ s♦✉r❝❡s ✉s❡❞✱ ❡①♣❡r✐♠❡♥t❛❧ ❞❡✈✐❝❡s✱ ❛❧❧ s②st❡♠s ♥❡❡❞❡❞ ❢♦r t❤❡✐r
♦♣❡r❛t✐♦♥✱ ✐♥st❛❧❧❛t✐♦♥s ♠❛♥❛❣❡❞ ❜② t❤❡ ❢❛❝✐❧✐t② t❤❛t ❝♦♥t❛✐♥ ♥✉❝❧❡❛r ♠❛t❡r✐❛❧ ✭✐rr❛✲
❞✐❛t❡❞ ♦r ♥♦t✮✱ ❛♥❞ r❛❞✐♦❛❝t✐✈❡ ✇❛st❡ ♠❛♥❛❣❡♠❡♥t ❢❛❝✐❧✐t✐❡s ❛♥❞ ❛❧❧ ♦t❤❡r ❢❛❝✐❧✐t✐❡s
r❡❧❡✈❛♥t t♦ ❡✐t❤❡r t❤❡ r❡❛❝t♦r ♦r ✐ts ❛ss♦❝✐❛t❡❞ ❡①♣❡r✐♠❡♥t❛❧ ❢❛❝✐❧✐t✐❡s ❛♥❞ ❞❡✈✐❝❡s
❧♦❝❛t❡❞ ♦♥ t❤❡ r❡❛❝t♦r s✐t❡✧✶✳ ❉✉❡ t♦ ✐ts s✐③❡✱ r❡s❡❛r❝❤ r❡❛❝t♦rs ♣♦s❡ ❛ s♠❛❧❧❡r
❤❛③❛r❞ t♦ t❤❡ ♣✉❜❧✐❝ t❤❡♥ ♣♦✇❡r r❡❛❝t♦rs ❬✼✱ ♣✳✶✷❪✳ ❚❤❡ ■❆❊❆ st❛t❡s t❤r❡❡ s❛❢❡t②
♦❜❥❡❝t✐✈❡s✷✿

✶✳ ●❡♥❡r❛❧ ◆✉❝❧❡❛r ❙❛❢❡t② ❖❜❥❡❝t✐✈❡
❚♦ ♣r♦t❡❝t ✐♥❞✐✈✐❞✉❛❧s✱ s♦❝✐❡t② ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❢r♦♠ ❤❛r♠ ❜② ❡st❛❜❧✐s❤✲
✐♥❣ ❛♥❞ ♠❛✐♥t❛✐♥✐♥❣ ✐♥ ♥✉❝❧❡❛r ✐♥st❛❧❧❛t✐♦♥s ❡✛❡❝t✐✈❡ ❞❡❢❡♥s❡s ❛❣❛✐♥st r❛❞✐♦✲
❧♦❣✐❝❛❧ ❤❛③❛r❞s✳
❚❤❡ ●❡♥❡r❛❧ ◆✉❝❧❡❛r ❙❛❢❡t② ❖❜❥❡❝t✐✈❡ ✐s s✉♣♣♦rt❡❞ ❜② t✇♦ ❝♦♠♣❧❡♠❡♥t❛r②
❙❛❢❡t② ❖❜❥❡❝t✐✈❡s ❞❡❛❧✐♥❣ ✇✐t❤ r❛❞✐❛t✐♦♥ ♣r♦t❡❝t✐♦♥ ❛♥❞ t❡❝❤♥✐❝❛❧ ❛s♣❡❝ts✳
❚❤❡② ❛r❡ ✐♥t❡r❞❡♣❡♥❞❡♥t✿ t❤❡ t❡❝❤♥✐❝❛❧ ❛s♣❡❝ts ✐♥ ❝♦♥❥✉♥❝t✐♦♥ ✇✐t❤ ❛❞♠✐♥✐s✲
tr❛t✐✈❡ ❛♥❞ ♣r♦❝❡❞✉r❛❧ ♠❡❛s✉r❡s ❡♥s✉r❡ ❞❡❢❡♥s❡ ❛❣❛✐♥st ❤❛③❛r❞s ❞✉❡ t♦ ✐♦♥✲
✐③✐♥❣ r❛❞✐❛t✐♦♥✳

✶❙❛❢❡t② ♦❢ ❘❡s❡❛r❝❤ ❘❡❛❝t♦rs✱ ■❆❊❆ ❙♣❡❝✐✜❝ ❙❛❢❡t② ❘❡q✉✐r❡♠❡♥ts ◆♦✳ ❙❙❘✲✸✱ ■❙❇◆
✾✼✽✕✾✷✕✵✕✶✵✹✽✶✻✕✺✱ ❱✐❡♥♥❛✱ ✷✵✶✻✱ ♣✳✸

✷■♥t❡r♥❛t✐♦♥❛❧ ❆t♦♠✐❝ ❊♥❡r❣② ❆❣❡♥❝②✱ ❚❤❡ ❙❛❢❡t② ♦❢ ◆✉❝❧❡❛r ■♥st❛❧❧❛t✐♦♥s✱ ❙❛❢❡t② ❙❡r✐❡s ◆♦✳
✶✶✵✱ ■❆❊❆✱ ❱✐❡♥♥❛✱ ✶✾✾✸✱ ♣❛r✳ ✷✵✸✲✷✵✻
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✷✳ ❘❛❞✐❛t✐♦♥ Pr♦t❡❝t✐♦♥ ❖❜❥❡❝t✐✈❡
❚♦ ❡♥s✉r❡ t❤❛t ✐♥ ❛❧❧ ♦♣❡r❛t✐♦♥❛❧ st❛t❡s r❛❞✐❛t✐♦♥ ❡①♣♦s✉r❡ ✇✐t❤✐♥ t❤❡ ✐♥st❛❧✲
❧❛t✐♦♥ ♦r ❞✉❡ t♦ ❛♥② ♣❧❛♥♥❡❞ r❡❧❡❛s❡ ♦❢ r❛❞✐♦❛❝t✐✈❡ ♠❛t❡r✐❛❧ ❢r♦♠ t❤❡ ✐♥st❛❧✲
❧❛t✐♦♥ ✐s ❦❡♣t ❜❡❧♦✇ ♣r❡s❝r✐❜❡❞ ❧✐♠✐ts ❛♥❞ ❛s ❧♦✇ ❛s r❡❛s♦♥❛❜❧② ❛❝❤✐❡✈❛❜❧❡✱
❛♥❞ t♦ ❡♥s✉r❡ ♠✐t✐❣❛t✐♦♥ ♦❢ t❤❡ r❛❞✐♦❧♦❣✐❝❛❧ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❛♥② ❛❝❝✐❞❡♥ts✳

✸✳ ❚❡❝❤♥✐❝❛❧ ❙❛❢❡t② ❖❜❥❡❝t✐✈❡
❚♦ t❛❦❡ ❛❧❧ r❡❛s♦♥❛❜❧② ♣r❛❝t✐❝❛❜❧❡ ♠❡❛s✉r❡s t♦ ♣r❡✈❡♥t ❛❝❝✐❞❡♥ts ✐♥ ♥✉❝❧❡❛r
✐♥st❛❧❧❛t✐♦♥s ❛♥❞ t♦ ♠✐t✐❣❛t❡ t❤❡✐r ❝♦♥s❡q✉❡♥❝❡s s❤♦✉❧❞ t❤❡② ♦❝❝✉r✱ t♦ ❡♥s✉r❡
✇✐t❤ ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❝♦♥✜❞❡♥❝❡ t❤❛t✱ ❢♦r ❛❧❧ ♣♦ss✐❜❧❡ ❛❝❝✐❞❡♥ts t❛❦❡♥ ✐♥t♦ ❛❝✲
❝♦✉♥t ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ✇♦✉❧❞ ❜❡ ♠✐♥♦r ❛♥❞ ❜❡❧♦✇ ♣r❡s❝r✐❜❡❞
❧✐♠✐ts✱ ❛♥❞ t♦ ❡♥s✉r❡ t❤❛t t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❛❝❝✐❞❡♥ts ✇✐t❤ s❡r✐♦✉s r❛❞✐♦❧♦❣✐❝❛❧
❝♦♥s❡q✉❡♥❝❡s ✐s ❡①tr❡♠❡❧② ❧♦✇✳

✷✳✶ ❙❛❢❡t② ❆♥❛❧②s✐s ❘❡♣♦rt ✭❙❆❘✮

❚❤❡ ■❆❊❆ st❛t❡s ❬✼❪ t❤❛t t❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ t❤❡ s❛❢❡t② ♦❢ ❛ r❡s❡❛r❝❤ r❡❛❝t♦r ❤❛s t♦ ❜❡
t❤❡ ❧✐♠✐t❛t✐♦♥ ♦❢ ❛♥② r❛❞✐♦❧♦❣✐❝❛❧ ❝♦♥s❡q✉❡♥❝❡s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ❛❝❝✐❞❡♥t✳ ❋✉rt❤❡r✱
♠❡❛s✉r❡s t♦ ❧✐♠✐t r❛❞✐❛t✐♦♥ ❡①♣♦s✉r❡ ❢♦r ✇♦r❦❡rs ❞✉r✐♥❣ ♥♦r♠❛❧ ♦♣❡r❛t✐♦♥✱ ❛♥❞ t❤❡
♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❛♥ ❛❝❝✐❞❡♥t✳ ❚♦ r❡❛❝❤ t❤♦s❡ ❣♦❛❧s✱ t❤❡ ❢♦❧❧♦✇✐♥❣
♠❡❛s✉r❡s ❝❛♥ ❜❡ t❛❦❡♥✿ ❡♥❣✐♥❡❡r❡❞ s❛❢❡t② ❢❡❛t✉r❡s✱ ♦♥ ❛♥❞ ♦✛ s✐t❡ ♣r♦❝❡❞✉r❡s
♣r❡♣❛r❡❞ ✐♥ ❝❛s❡ ♦❢ ❛❝❝✐❞❡♥ts t♦ ♠✐t✐❣❛t❡ ❝♦♥s❡q✉❡♥❝❡s ✐♥ ❝❛s❡ ♦❢ ❛❝❝✐❞❡♥ts✳ ❚❤❡
❝♦♠♣❡t❡♥t ❛✉t❤♦r✐t② ❤❛s t♦ ✈❡r✐❢② ❛❧❧ t❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞ ♠❡❛s✉r❡s ♦r ❤❛s t♦
✐♠♣❧❡♠❡♥t t❤❡♠✱ ✐❢ ♥♦t ♣r❡s❡♥t✳ ❚❤✐s ❝❛♥ ❤❛♣♣❡♥ t❤r♦✉❣❤ t❤❡ ❧✐❝❡♥s✐♥❣ ♣r♦❝❡ss✱
✇❤✐❝❤ ✐♥❝❧✉❞❡s ❛ ❞❡t❛✐❧❡❞ ❙❆❘✳ ❚❤❡ r❡♣♦rt ✐s ♣r❡♣❛r❡❞ ❜② t❤❡ ♦♣❡r❛t✐♥❣ ♣❡rs♦♥♥❡❧✱
✐t ✐♥❝❧✉❞❡s t❤❡ ❞❡s✐❣♥ s♣❡❝✐✜❝❛t✐♦♥s✱ ❛♥❞ ♣r♦t❡❝t✐♦♥ ❞❡s✐❣♥ ❢♦r ♦♥ ❛♥❞ ♦✛ s✐t❡ ♣❡♦♣❧❡✳
❚❤✐s ❞♦❝✉♠❡♥t ♥❡❡❞s t♦ ❜❡ ✉♣❞❛t❡❞ r❡❣✉❧❛r❧②✱ ❡s♣❡❝✐❛❧❧② ✐♥ ❝❛s❡ ♦❢ ❝❤❛♥❣❡s t♦ t❤❡
❝♦r❡ ✐♥✈❡♥t♦r② ♦r ♦♥ t❤❡ ❜❛s✐s ♦❢ r❡q✉❡sts ❜② t❤❡ ❝♦♠♣❡t❡♥t ❛✉t❤♦r✐t②✳ ■t ❤❛s t♦
✐♥❝❧✉❞❡ ❛ s❛❢❡t② ❛♥❛❧②s✐s ♦❢ ❛❝❝✐❞❡♥t s❡q✉❡♥❝❡s✱ ❛♥❞ t❤❡ ♠❡❛s✉r❡s t❛❦❡♥ t♦ ❧✐♠✐t
❝♦♥s❡q✉❡♥❝❡s ❢♦r ♦♣❡r❛t✐♦♥❛❧ ♣❡rs♦♥♥❡❧ ♦r t❤❡ ♣✉❜❧✐❝✳
❚❤✐s ✇♦r❦ ✇✐❧❧ ❞❡s❝r✐❜❡ s❡✈❡r❛❧ ♣♦ss✐❜❧❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s ❛♥❞ ❝❛❧❝✉❧❛t❡ t❤❡

r❛❞✐♦❧♦❣✐❝❛❧ ❝♦♥s❡q✉❡♥❝❡s ❢♦r ♣✉❜❧✐❝ ♦✛ s✐t❡✳ ❚❤❡ s❝❡♥❛r✐♦s ✇❡r❡ ❝❤♦s❡♥ ✐♥ t❤❡ ✜rst
s❛❢❡t② r❡♣♦rt ♦❢ t❤❡ ❚❘■●❆ r❡❛❝t♦r✱ ♦♥❧② t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♠❡t❤♦❞s ❛♥❞ t❤❡ ❞❛t❛
❛❝q✉✐s✐t✐♦♥ ❢♦r t❤♦s❡ ❝❛❧❝✉❧❛t✐♦♥ ❝❤❛♥❣❡❞✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s ✇✐❧❧ ❡①♣❧❛✐♥
t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ s❝❡♥❛r✐♦s ✐♥ ❛ ❣❡♥❡r❛❧ ♠❛♥♥❡r✳
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❚❤❡ ■❆❊❆ st❛t❡s ❢✉rt❤❡r t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ s✐t❡ ❡✈❛❧✉❛t✐♦♥✳ ■♥ t❤❡ ❙❆❘ t❤❡
s❛❢❡t② ♦❢ t❤❡ s✐t❡ ✐s s❤♦✇♥✱ ❛♥❞ ❡✛❡❝ts t❤❛t ❝❛♥ ✐♥✢✉❡♥❝❡ t❤✐s s❛❢❡t② ❛r❡ t❛❦❡♥ ✐♥t♦
❛❝❝♦✉♥t✸✿

❼ ❚❤❡ ❡✛❡❝ts ♦❢ ♥❛t✉r❛❧ ❛♥❞ ❤✉♠❛♥ ✐♥❞✉❝❡❞ ❡①t❡r♥❛❧ ❡✈❡♥ts ✭❡✳❣✳ s❡✐s♠✐❝
❡✈❡♥ts✱ ✜r❡ ♦r ✢♦♦❞✐♥❣✮ t❤❛t ♠❛② ♦❝❝✉r ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ s✐t❡❀

❼ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ s✐t❡ ❛♥❞ ✐ts ❡♥✈✐r♦♥♠❡♥t t❤❛t ❝♦✉❧❞ ✐♥✢✉❡♥❝❡ t❤❡
tr❛♥s❢❡r ♦❢ r❡❧❡❛s❡❞ r❛❞✐♦❛❝t✐✈❡ ♠❛t❡r✐❛❧ t♦ ❤✉♠❛♥s

❼ ❚❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♦t❤❡r ❝❤❛r❛❝t❡r✐st✐❝s
✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ s✐t❡ ❤❛✈✐♥❣ r❡❧❡✈❛♥❝❡ t♦ ❡♠❡r❣❡♥❝② ❛rr❛♥❣❡♠❡♥ts✱ ❛♥❞
t❤❡ ♥❡❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ r✐s❦s t♦ ✐♥❞✐✈✐❞✉❛❧s ❛♥❞ t❤❡ ♣♦♣✉❧❛t✐♦♥

❼ ❖t❤❡r ❝♦❧❧♦❝❛t❡❞ s✐t❡ ❢❛❝✐❧✐t✐❡s s✉❝❤ ❛s ♦t❤❡r r❡s❡❛r❝❤ r❡❛❝t♦rs✱ r❛❞✐♦✐s♦t♦♣❡
♣❧❛♥ts✱ ❢✉❡❧ ❝②❝❧❡ r❡❧❛t❡❞ ❢❛❝✐❧✐t✐❡s✱ ♣♦st✲✐rr❛❞✐❛t✐♦♥ ❡①❛♠✐♥❛t✐♦♥ ♦r ♥♦♥✲♥✉❝❧❡❛r
❢❛❝✐❧✐t✐❡s ✭❡✳❣✳ ❝❤❡♠✐❝❛❧ ❢❛❝✐❧✐t✐❡s✮

❼ ❚❤❡ ❝❛♣❛❜✐❧✐t② ❢♦r ❛♥ ✉❧t✐♠❛t❡ ❤❡❛t s✐♥❦ ❛t t❤❡ s✐t❡✱ ❛s ❛♣♣r♦♣r✐❛t❡

❼ ❚❤❡ ♦♥✲s✐t❡ ❛♥❞ ♦✛✲s✐t❡ ❡♠❡r❣❡♥❝② ♣❧❛♥s ❛✐♠❡❞ ❛t ♠✐t✐❣❛t✐♥❣ t❤❡ ❝♦♥s❡✲
q✉❡♥❝❡s ❢♦r t❤❡ ♣✉❜❧✐❝ ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✐♥ t❤❡ ❡✈❡♥t ♦❢ ❛ s✉❜st❛♥t✐❛❧
r❡❧❡❛s❡ ♦❢ r❛❞✐♦❛❝t✐✈❡ ♠❛t❡r✐❛❧ t♦ t❤❡ ❡♥✈✐r♦♥♠❡♥t

❋♦r t❤❡ ❚❘■●❆ r❡❛❝t♦r ✐♥ ❱✐❡♥♥❛✱ ❡s♣❡❝✐❛❧❧② t❤❡ ✜rst ♣♦✐♥t ✐s ♦❢ ✉tt❡r♠♦st ✐♠✲
♣♦rt❛♥❝❡✳ ❚❤❡ ♣r♦①✐♠✐t② ♦❢ t❤❡ ❛✐r♣♦rt ❡♥❤❛♥❝❡s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛♥ ❛✐r♣❧❛♥❡
❛❝❝✐❞❡♥t✱ ❤❡♥❝❡ t❤❡ r❛❞✐♦❧♦❣✐❝❛❧ ❝♦♥s❡q✉❡♥❝❡s ♥❡❡❞ t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜❡❢♦r❡❤❛♥❞ t♦
♣r♦✈❡ t❤❡ s❛❢❡t② ♦❢ t❤❡ r❡❛❝t♦r✳ ❚❤❡ ■❆❊❆ st❛t❡❞ ✐♥ ❛♥ ❡❛r❧✐❡r ♣✉❜❧✐❝❛t✐♦♥ ❬✽✱ ♣✳
✸✻❪ ❡①♣❧✐❝✐t❧② t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❛t♠♦s♣❤❡r✐❝ ❞✐s♣❡rs✐♦♥ ♦❢ r❛❞✐♦❛❝t✐✈❡ ♠❛t❡r✐❛❧✿ ✑❆
♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ r❡❣✐♦♥✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❜❛s✐❝ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ♣❛r❛♠✲
❡t❡rs ❛♥❞ ♣❤❡♥♦♠❡♥❛ s❤❛❧❧ ❜❡ ♣r❡♣❛r❡❞✳ ❉❛t❛ ❢♦r ❛t ❧❡❛st ♦♥❡ r❡♣r❡s❡♥t❛t✐✈❡ ②❡❛r
s❤♦✉❧❞ ❜❡ ♣r❡s❡♥t❡❞✱ t♦❣❡t❤❡r ✇✐t❤ ❛♥② ♦t❤❡r ❞❛t❛ t❤❛t ♠❛② ❜❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ ♦t❤❡r
s♦✉r❝❡s✳ ❉❛t❛ s❤♦✉❧❞ ❜❡ ❝♦❧❧❡❝t❡❞ t❤❛t ❛❞❡q✉❛t❡❧② r❡♣r❡s❡♥t ❧♦❝❛❧ ♠❡t❡♦r♦❧♦❣✐❝❛❧
❝♦♥❞✐t✐♦♥s✳ ❬✳✳✳❪ ❖♥ t❤✐s ❜❛s✐s ♦❢ t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥s ♦❢ t❤❡
r❡❣✐♦♥✱ t❤❡ ♣♦ss✐❜❧❡ ❛t♠♦s♣❤❡r✐❝ ❞✐s♣❡rs✐♦♥ ♦❢ ❛♥② r❛❞✐♦❛❝t✐✈❡ ♠❛t❡r✐❛❧ r❡❧❡❛s❡❞
s❤❛❧❧ ❜❡ ❛ss❡ss❡❞✳✑

✸❙❛❢❡t② ♦❢ ❘❡s❡❛r❝❤ ❘❡❛❝t♦rs✱ ■❆❊❆ ❙♣❡❝✐✜❝ ❙❛❢❡t② ❘❡q✉✐r❡♠❡♥ts ◆♦✳ ❙❙❘✲✸✱ ■❙❇◆
✾✼✽✕✾✷✕✵✕✶✵✹✽✶✻✕✺✱ ❱✐❡♥♥❛✱ ✷✵✶✻✱ ♣❛❣❡ ✷✻ ✲✷✼
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✷✳✷ ●❡♥❡r❛❧ ❙❛❢❡t② ❘❡q✉✐r❡♠❡♥ts

❚❤❡ ❣❡♥❡r❛❧ ❞❡s✐❣♥ ♦❢ ❛ r❡❛❝t♦r ✐♠♣❧❡♠❡♥ts t❤r❡❡ ❜❛s✐❝ s❛❢❡t② ❢✉♥❝t✐♦♥s✿ s❤✉t
❞♦✇♥ ♦❢ ❛ r❡❛❝t♦r✱ ❝♦♦❧✐♥❣ t❤❡ r❡❛❝t♦r ❛♥❞ ✐ts ❝♦r❡ ❛♥❞ ❝♦♥✜♥✐♥❣ t❤❡ r❛❞✐♦❛❝t✐✈❡
♠❛t❡r✐❛❧✳ ❚❤❡s❡ ❢✉♥❝t✐♦♥s s❤❛❧❧ ❜❡ ♠❡t ❜② t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ r❡❛❝t♦r ✐♥ ♣r✐♥❝✐♣❧❡✳
❋♦r t❤♦s❡ ❢✉♥❝t✐♦♥ t❤❡ s✐♥❣❧❡ ❢❛✐❧✉r❡ ❝r✐t❡r✐❛ ❤❛s t♦ ❜❡ ❛♣♣❧✐❡❞✱ r❡❣✉❧❛r ✐♥s♣❡❝t✐♦♥s✱
t❡st✐♥❣ ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡ ♠✉st ❜❡ ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ ❤✐❣❤ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ s②st❡♠✳
❲✐t❤✐♥ t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss ❛❧❧ ❝❤❛❧❧❡♥❣❡s ♦❢ t❤❡ r❡❛❝t♦r ❞✉r✐♥❣ ✐ts ❧✐❢❡t✐♠❡ ❤❛✈❡ t♦ ❜❡
t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❚❤✐s ✐♥❝❧✉❞❡s ❛❝❝✐❞❡♥t ❝♦♥❞✐t✐♦♥s✱ s✐t❡ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❞❡s✐❣♥
❛♥❞ t❤❡ ❧✐♠✐ts ♦❢ ♣❛r❛♠❡t❡rs✱ ♠♦❞❡s ♦❢ ♦♣❡r❛t✐♦♥ ❡t❝✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❣❡♥❡r❛❧
r❡q✉✐r❡♠❡♥ts t❤❛t ❞♦ ♥♦t ♦♥❧② ❛♣♣❧② t♦ r❡s❡❛r❝❤ r❡❛❝t♦rs✳ ❚❤❡ ■❆❊❆ ❬✽❪ st❛t❡s t❤❡
❢♦❧❧♦✇✐♥❣✿

✶✳ ❘❡❞✉♥❞❛♥❝② ❛♥❞ s✐♥❣❧❡ ❢❛✐❧✉r❡ ❝r✐t❡r✐♦♥
◆♦ s✐♥❣❧❡ ❢❛✐❧✉r❡ s❤❛❧❧ ❧❡❛❞ t♦ ❛ ❧♦ss ♦❢ s②st❡♠ ❝❛♣❛❜✐❧✐t②✳

✷✳ ❉✐✈❡rs✐t②
❘❡❞✉♥❞❛♥t s②st❡♠s s❤❛❧❧ ❜❡ ❞✐✈❡rs❡ ✲ ❛ttr✐❜✉t❡s ❛r❡✿

❼ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♦♥❛❧ ♣r✐♥❝✐♣❧❡s

❼ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥s

❼ ❞✐✛❡r❡♥t ♠❛♥✉❢❛❝t✉r❡r

✸✳ ■♥❞❡♣❡♥❞❡♥❝❡
❚❤✐s ❝❛♥ ❜❡ ♣❤②s✐❝❛❧ s❡♣❛r❛t✐♦♥✱ ❢✉♥❝t✐♦♥❛❧ ✐s♦❧❛t✐♦♥ ♦r ❜❛rr✐❡rs ❢♦r s❛❢❡t②
r❡❧❡✈❛♥t s②st❡♠s

✹✳ ❋❛✐❧ ❙❛❢❡ ❞❡s✐❣♥
■♥ ❝❛s❡ ♦❢ ❛♥ ❛❝❝✐❞❡♥t s②st❡♠s s❤❛❧❧ ♣❛ss ✐♥t♦ s❛❢❡ st❛t❡s✳

✺✳ ❊❛s❡ ♦❢ t❡st✐♥❣ ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡

❊s♣❡❝✐❛❧❧② s❛❢❡t② r❡❧❡✈❛♥t s②st❡♠s ❛r❡ ❞❡s✐❣♥❡❞ r❡❣❛r❞✐♥❣ t❤❡ ❛❜♦✈❡ ❝r✐t❡r✐❛✳ ❚❤❡
■❆❊❆ ❤❛s s✉♠♠❛r✐③❡❞ t❤❡ ♠♦st ✐♠♣♦rt❛♥t s❛❢❡t② ❢✉♥❝t✐♦♥s ❢♦r r❡s❡❛r❝❤ r❡❛❝t♦rs
✐♥ ❛ ❚❛❜❧❡ ✹✿

✹❙❛❢❡t② ♦❢ ❘❡s❡❛r❝❤ ❘❡❛❝t♦rs✱ ■❆❊❆ ❙♣❡❝✐✜❝ ❙❛❢❡t② ❘❡q✉✐r❡♠❡♥ts ◆♦✳ ❙❙❘✲✸✱ ■❙❇◆
✾✼✽✕✾✷✕✵✕✶✵✹✽✶✻✕✺✱ ❱✐❡♥♥❛✱ ✷✵✶✻ ♣❛❣❡ ✶✶✾✲✶✷✵

✶✹
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■t❡♠s ✐♠♣♦rt❛♥t t♦
s❛❢❡t②

❙❛❢❡t② ❢✉♥❝t✐♦♥

❇✉✐❧❞✐♥❣s ❛♥❞ str✉❝t✉r❡s ❜❛rr✐❡r ❢♦r ✉♥❝♦♥tr♦❧❧❡❞ r❡❧❡❛s❡ ♦❢ r❛❞✐♦❛❝t✐✈❡
♠❛t❡r✐❛❧s
♣r♦t❡❝t✐♦♥ ❛❣❛✐♥st ❡①t❡r♥❛❧ ♦r ✐♥t❡r♥❛❧ ❡✈❡♥ts
❢♦r s❛❢❡t② s②st❡♠s
s❤✐❡❧❞✐♥❣ ❛❣❛✐♥st r❛❞✐❛t✐♦♥

❘❡❛❝t♦r ❝♦r❡ ♠❛✐♥t❛✐♥ ❢✉❡❧ ❣❡♦♠❡tr② ❛♥❞ ❝♦♦❧❛♥t ✢♦✇ t♦
❡♥s✉r❡ s❤✉t❞♦✇♥ ❛♥❞ ❤❡❛t r❡♠♦✈❛❧
♥❡❣❛t✐✈❡ r❡❛❝t✐✈✐t② ❢❡❡❞❜❛❝❦
♠♦❞❡r❛t✐♦♥ ❛♥❞ ❝♦♥tr♦❧ ♦❢ ♥❡✉tr♦♥ ✢✉①

❋✉❡❧ ♠❛tr✐① ❛♥❞ ❝❧❛❞❞✐♥❣ ❜❛rr✐❡r ❢♦r r❡❧❡❛s❡ ♦❢ ✜ss✐♦♥ ♣r♦❞✉❝ts
♦r ♠❛t❡r✐❛❧ ❢r♦♠ ❢✉❡❧
❝♦♥st❛♥t ❝♦♥✜❣✉r❛t✐♦♥

❘❡❛❝t✐✈✐t② ❝♦♥tr♦❧ s②st❡♠ ❝♦♥tr♦❧ r❡❛❝t✐✈✐t②✱ s❤✉t ❞♦✇♥ ♣♦ss✐❜✐❧✐t②✱
♥♦ ❧✐♠✐ts ❡①❝❡❡❞❡❞

❘❡❛❝t♦r ❝♦♦❧❛♥t ♣r✐♠❛r②
❝✐r❝✉✐t

❛❞❡q✉❛t❡ ❝♦♦❧✐♥❣ ❛♥❞ ❡♥s✉r❡ ♥♦ ❧✐♠✐ts ❡①✲
❝❡❡❞❡❞

❊♠❡r❣❡♥❝② ❝♦r❡ ❝♦♦❧✐♥❣ s②s✲
t❡♠

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

❘❡❛❝t♦r ♣r♦t❡❝t✐♦♥ s②st❡♠ s❤✉t ❞♦✇♥ r❡❛❝t♦r✱ ❝♦❧❧ ❛♥❞ ❝♦♥t❛✐♥ ♠❛t❡r✐❛❧✱
♠✐t✐❣❛t✐♦♥ ♦❢ ❛❝❝✐❞❡♥t ❝♦♥s❡q✉❡♥❝❡s✱
❝♦♥tr♦❧ ✐♥t❡r❧♦❝❦s ❛❣❛✐♥st ♦♣❡r❛t✐♦♥❛❧ ❡rr♦rs

❖t❤❡r s❛❢❡t② ■&❈ ❦❡❡♣ r❡❛❝t♦r ♣❛r❛♠❡t❡rs ✇✐t❤✐♥ ❧✐♠✐ts
❣✐✈❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t r❡❛❝t♦r st❛t✉s t♦ ♦♣✲
❡r❛t♦r

❊❧❡❝tr✐❝❛❧ ♣♦✇❡r s✉♣♣❧② ♣r♦✈✐❞❡ ❡♥♦✉❣❤ ♣♦✇❡r t♦ ❡♥s✉r❡ s❛❢❡t②
❋✉❡❧ ❤❛♥❞❧✐♥❣ ❛♥❞ st♦r❛❣❡
s②st❡♠

♠✐♥✐♠✐③❡ r❛❞✐❛t✐♦♥ ❡①♣♦s✉r❡

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

❘❛❞✐❛t✐♦♥ ♠♦♥✐t♦r✐♥❣ s②s✲
t❡♠

♠❡❛s✉r❡ ❛♥❞ ✇❛r♥ ♦♣❡r❛t✐♦♥❛❧ ❛♥❞

r❡s❡❛r❝❤ ♣❡rs♦♥❛❧

❚❛❜❧❡ ✷✳✶✿ ❙❡❧❡❝t❡❞ ❙❛❢❡t② ❢✉♥❝t✐♦♥s ❢♦r r❡s❡❛r❝❤ r❡❛❝t♦rs
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✷✳✸ ❉❡✜♥✐t✐♦♥s

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

❇❛t❡♠❛♥ ❡q✉❛t✐♦♥s

❚❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ r❛❞✐♦♥✉❝❧✐❞❡s ❛♥❞ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡✐r ✐♥✈❡♥t♦r② ❞✉r✐♥❣ ❛♥❞
❛❢t❡r r❡❛❝t♦r ✐rr❛❞✐❛t✐♦♥ ❛r❡ ❣♦✈❡r♥❡❞ ❜② t❤❡ ❇❛t❡♠❛♥ ❡q✉❛t✐♦♥s ✺ ✳ ❚❤✐s ♠❡t❤♦❞
s❡ts ✉♣ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s ❢♦r ❞❡❝❛② ❝❤❛✐♥s✱ t❤❛t ❞❡s❝r✐❜❡ t❤❡ ❝❤❛✐♥ ♦❢ ✐♥t❡r❡st
❜❛s❡❞ ♦♥ ❦♥♦✇♥ ♣r♦♣❡rt✐❡s✳ ❆ ❣❡♥❡r❛❧ ❢♦r✉♠❧❛ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s✻✿

Nn(t) =
n
∑

i=1

[

Ni(0)×

(

n−1
∏

j=i

)

×

(

n
∑

j=i

(

e−λjt

∏n
p=i,p 6=j(λp − λj)

))]

✭✷✳✶✮

✷✳✸✳✶ ❘❛❞✐❛t✐♦♥ ♣r♦t❡❝t✐♦♥ t❡r♠s

❊✛❡❝t✐✈❡ ❉♦s❡

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♠✐tt❡❡ ♦♥ ❘❛❞✐❛t✐♦♥ Pr♦t❡❝t✐♦♥ t❤❡ ❡✛❡❝t✐✈❡
❞♦s❡ ✐s ❞❡✜♥❡❞ ❛s✿ ✑❚❤❡ t✐ss✉❡✲✇❡✐❣❤t❡❞ s✉♠ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❞♦s❡s ✐♥ ❛❧❧ s♣❡❝✐✜❡❞
t✐ss✉❡s ❛♥❞ ♦r❣❛♥s ♦❢ t❤❡ ❜♦❞②✱ ❣✐✈❡♥ ❜② t❤❡ ❡①♣r❡ss✐♦♥

E =
∑

T

wT

∑

R

wRDT,R ✭✷✳✷✮

♦r
E =

∑

T

wTHT ✭✷✳✸✮

✇❤❡r❡ HT ♦r wRDT,R ✐s t❤❡ ❡q✉✐✈❛❧❡♥t ❞♦s❡ ✐♥ ❛ t✐ss✉❡ ♦r ♦r❣❛♥✱❚✱ ❛♥❞ wT ✐s t❤❡
t✐ss✉❡ ✇❡✐❣❤t✐♥❣ ❢❛❝t♦r✳ ❚❤❡ ✉♥✐t ❢♦r t❤❡ ❡✛❡❝t✐✈❡ ❞♦s❡ ✐s Jkg−1 ❛♥❞ ✐ts s♣❡❝✐❛❧
♥❛♠❡ ✐s s✐❡✈❡rt ✭❙✈✮✧✼

✺◆✉❝❧❡❛r ❙❛❢❡t② ✐♥ ▲✐❣❤t ❲❛t❡r ❘❡❛❝t♦rs✱ ✷✵✶✷✱♣❛❣❡ ✹✷✺
✻❤tt♣s✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✐❦✐✴❇❛t❡♠❛♥❴❡q✉❛t✐♦♥✱ ✶✷✳✵✸✳✷✵✷✵
✼❆♥♥❛❧s ♦❢ t❤❡ ■❈❘P✱ P✉❜❧✐❝❛t✐♦♥ ✶✵✸✱ ❚❤❡ ✷✵✵✼ ❘❡❝♦♠♠❡♥❞❛t✐♦♥ ♦❢ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠✲

♠✐ss✐♦♥ ♦♥ ❘❛❞✐♦❧♦❣✐❝❛❧ Pr♦t❡❝t✐♦♥✱ ❊❞✐t♦r ❏✳❱❛❧❡♥t✐♥✱ ❊❧s❡✈✐❡r✱ ✷✵✵✼
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✷✳✸✳✷ ❚❡r♠s ✉s❡❞ ❜② ❘❖❉❖❙

❚❤❡ ❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs ❢♦r ❡①t❡r♥❛❧ ❣❛♠♠❛ ❡①♣♦s✉r❡ ❢r♦♠ r❛❞✐♦♥✉❝❧✐❞❡s ✐♥ t❤❡
❝❧♦✉❞ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❘❖❉❖❙ ✐♥ ✷✵✶✺ ❬✸✸❪✳ ❚❤❡ ❞♦s❡ r❛t❡ ❢❛❝t♦rs ❞♦ ♥♦t ✐♥❝❧✉❞❡
❛♥② ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ r❛❞✐♦♥✉❝❧✐❞❡s ❡♠❡r❣✐♥❣ ✈✐❛ r❛❞✐♦❛❝t✐✈❡ ❞❡❝❛② ❝❤❛✐♥s ❞✉r✐♥❣
❝❧♦✉❞ tr❛✈❡❧✳ ❋♦r r❛❞✐♦♥✉❝❧✐❞❡s t❤❛t ❛r❡ ♠❡♠❜❡rs ♦❢ ❛ r❛❞✐♦❛❝t✐✈❡ ❞❡❝❛② ❝❤❛✐♥✱
t❤❡r❡ ✐s ❛ ♣❤②s✐❝❛❧ ❜✉✐❧t✲✉♣ ♦❢ r❛❞✐♦♥✉❝❧✐❞❡s ✈✐❛ ♠♦t❤❡r ✲ ❞❛✉❣❤t❡r ❞❡❝❛②s ❞✉r✐♥❣
♣❧✉♠❡ tr❛✈❡❧✳ ❋♦r t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤✐s ✇♦r❦ ♦♥❧② ♦♥❡ ♣❛✐r ✐s ✐♥t❡r❡st✐♥❣ ✲ t❤❡
❑r✲✽✽ t♦ ❘❜✲✽✽ ♠♦t❤❡r ❞❛✉❣❤t❡r ♣❛✐r✳ ❚❡r♠s ✉s❡❞ ❜② ❘❖❉❖❙ ❛r❡✿

❼ P♦t❡♥t✐❛❧ ❞♦s❡
❉♦s❡ ❝❛❧❝✉❧❛t❡❞ ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♦♣❡♥ ❛✐r ❡①♣♦s✉r❡ ✇✐t❤♦✉t ❝♦♥s✐❞✲
❡r❛t✐♦♥ ♦❢ ❞♦s❡✲♦r ❡①♣♦s✉r❡ r❡❞✉❝✐♥❣ ❛❝t✐♦♥s✱ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ s✉♠♠❡❞✲✉♣
❡①♣♦s✉r❡ ❜② ❛❧❧ r❛❞✐♦♥✉❝❧✐❞❡s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ▲❙▼❈ ❝❛❧❝✉❧❛t✐♦♥✳ ❚❤♦s❡
❞♦s❡s ❛♣♣❧② t♦ ❛❞✉❧ts✳

❼ Pr♦❥❡❝t❡❞ ❞♦s❡
❉♦s❡ t❤❛t ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ✐❢ ♥♦ ❝♦✉♥t❡r♠❡❛s✉r❡ ✇❡r❡ t♦ ❜❡ t❛❦❡♥✳

❼ ❚♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛ ❞♦s❡ r❛t❡
■s ✉s❡❞ ❢♦r t❤❡ t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛ ❞♦s❡ r❛t❡ ✐♥ ♠❙✈✴❤ ❢♦r ❛ ❤❡✐❣❤t ♦❢ ✶ ♠
❛❜♦✈❡ ❣r♦✉♥❞✳ ❚❤✐s ✐s t❤❡ s♦ ❝❛❧❧❡❞ ❧♦❝❛❧ ❞♦s❡ r❛t❡ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ❣❛♠♠❛
r❛❞✐❛t✐♦♥ ♦❢ ❛❧❧ ♥✉❝❧✐❞❡s ✐♥ t❤❡ ❝❧♦✉❞ ❛♥❞ ♦♥ t❤❡ ❣r♦✉♥❞✳
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✸ ❆t♠♦s♣❤❡r✐❝ ❉✐s♣❡rs✐♦♥ P❤②s✐❝s

❊♠✐ss✐♦♥s ♦❢ ❝❤❡♠✐❝❛❧ ♠❛t❡r✐❛❧s ✐♥t♦ t❤❡ ❛t♠♦s♣❤❡r❡ ❤❛✈❡ ❞✐✛❡r❡♥t ♦r✐❣✐♥s✳ ■♥ t❤❡
❝❛s❡ ♦❢ t❤✐s ✇♦r❦✱ ❛ ♣♦✐♥t s♦✉r❝❡ ✐s t❤❡ ♦r✐❣✐♥✳ ❉✐s♣❡rs✐♦♥ ♣❤②s✐❝s ❤❛s ❞❡❡♣❡r r♦✉t❡s✱
s✉❝❤ ❛s ✇❡❛t❤❡r ❢♦r❡❝❛sts ♦r ♥♦✇❛❞❛②s ❞✐s♣❡rs✐♦♥ ♠♦❞❡❧✐♥❣ ❢♦r ✈❛r✐♦✉s ❡✈❡♥ts✱ s✉❝❤
❛s ✈♦❧❝❛♥♦ ❡r✉♣t✐♦♥s ♦r ♦✐❧ ❞✐s❛st❡rs ✐♥ ♦❝❡❛♥s✳

✸✳✶ ❇❛s✐❝ P❤②s✐❝s

✸✳✶✳✶ ❇✉♦②❛♥❝②

❚❤❡ ♣r❡ss✉r❡ ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❢♦r❝❡ F ❛♣♣❧✐❡❞ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡ A ♦❢
❛♥ ♦❜❥❡❝t✿

p =
F

A
✭✸✳✶✮

■♥ ❛ ✢✉✐❞ t❤❡r❡ ❛r❡ t✇♦ ❢♦r❝❡s ❛♣♣❧✐❡❞ t♦ ❛♥ ♦❜❥❡❝t✱ ♦♥❡ ❢r♦♠ ❜❡❧♦✇ ❛♥❞ ♦♥❡ ❢r♦♠
❛❜♦✈❡✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐s ❞❡✜♥❡❞ ❛s ❜✉♦②❛♥❝②✿

FA = gρV ✭✸✳✷✮

✇✐t❤ V t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ♦❜❥❡❝t✳

✸✳✶✳✷ ❋❧♦✇

❆ ✢♦✇ Φ ♦❢ ❛ ✢✉✐❞ ✐s ❞❡s❝r✐❜❡❞ ❜② ❛ ✈❡❝t♦r ✜❡❧❞ ✈(r)✱ ✇✐t❤ ✈ ❜❡✐♥❣ t❤❡ ✢♦✇ ✈❡❧♦❝✐t②✳
■❢ t❤❡ ✜❡❧❞ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ t✐♠❡✱ t❤❡ ✢♦✇ ✐s st❛t✐♦♥❛r②✳ ❚❤❡ ✢♦✇ t❤♦✉❣❤ ❛
s✉r❢❛❝❡ ✐s ❣✐✈❡♥ ❜②

Φ =

∫

ρ✈ · d❆ =

∫

❥ · d❆ ✭✸✳✸✮

✇✐t❤ ❥ ❜❡✐♥❣ t❤❡ ✢♦✇ ❞❡♥s✐t②✳ ❚❤❡ div ❥ ✐s ❞❡✜♥❡❞ ❛s s♦✉r❝❡ ❞❡♥s✐t②✳ ❚❤❡ ●❛✉ss
t❤❡♦r❡♠ ❝❧❛✐♠s t❤❛t ✐❢ t❤❡ ✢♦✇ Φ t❤r♦✉❣❤ ❛ s✉r❢❛❝❡ A ♦❢ ❛ ✈♦❧✉♠❡ V ✐s ♥♦t ③❡r♦✱
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t❤❡ ❝❤❛♥❣❡ ♦❢ ♠❛ss ❝❛♥ ❜❡ s❡❡♥ ❛s ❛ s✉♠ ♦✈❡r t❤❡ ❝❤❛♥❣❡ ✐♥ ❞❡♥s✐t②✿

Φ =

‹

ρ ✈dA = −

˚

V

ρ̇ dV =

˚

V

ρ div ✈dV

❚❤❡ r♦t❛t✐♦♥ ♦❢ ❛ ✢✉✐❞ ✐s ❞❡✜♥❡❞ t❤r♦✉❣❤✿

rot ✈ = ∇× ✈ ✭✸✳✹✮

❆ ❢♦r❝❡ ✜❡❧❞ ❋✭r✮ ❤❛s ❛ ♣♦t❡♥t✐❛❧ U(r) ✐❢ t❤❡ rot F ✐s ③❡r♦ ❡✈❡r②✇❤❡r❡✳ ❚❤✐s ✐s ❛❧s♦
❞❡✜♥❡❞ t❤r♦✉❣❤ t❤❡ ❙t♦❦❡s t❤❡♦r❡♠✿

∮

C

✈ ds =

¨

A

rot ✈ d❆ ✭✸✳✺✮

■❢ ❛ ✢♦✇ ✐s ❞❡t❡r♠✐♥❡❞ ♦♥❧② ❜② ✐ts ✐♥♥❡r ❢r✐❝t✐♦♥✱ ✐t ✐s ❝❛❧❧❡❞ ❛ ❧❛♠✐♥❛r ✢♦✇✳ ❖t❤✲
❡r✇✐s❡ ✐t✬s ❛ t✉r❜✉❧❡♥t ✢♦✇✳ ❚❤❡ ❘❡②♥♦❧❞ ♥✉♠❜❡r Re ✐s ❞❡✜♥❡❞ ❜②✿

Re = ρ v l/η ✭✸✳✻✮

✇✐t❤ l t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♦❜❥❡❝t ❞✐♠❡♥s✐♦♥s✳ ■❢ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❣❡ts
❜✐❣❣❡r ✭❃✶✵✵✵✮ t❤❡ ✢♦✇ ❣❡ts t✉r❜✉❧❡♥t✳

✸✳✶✳✸ ◆❛✈✐❡r ✲ ❙t♦❦❡s ❊q✉❛t✐♦♥

❆❝❝❡❧❡r❛t✐♦♥ ✐s t❤❡ s✉♠ ♦❢ ❛❧❧ ❛♣♣❧✐❡❞ ❢♦r❝❡s✳ ❚❤❡ ♠♦t✐♦♥ ❡q✉❛t✐♦♥ ♦❢ ❛ ✢✉✐❞ ❤❛s
t✇♦ ♣❛rts ♦❢ ❛❝❝❡❧❡r❛t✐♦♥✿ t❤❡ a1 ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ ✈❡❧♦❝✐t② ❛t t❤❡ ♣❧❛❝❡ ♦❢ t❤❡ ♦❜❥❡❝t✱
❛♥❞ t❤❡ ♣❛rt a2 t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ♦❜❥❡❝t t♦ ❛ ♣❧❛❝❡ ✇✐t❤ ❛ ❞✐✛❡r❡♥t ✈❡❧♦❝✐t②✳
❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ◆❡✇t♦♥s ♠♦t✐♦♥ ❡q✉❛t✐♦♥ ♦♥❡ ❣❡ts t❤❡ ◆❛✈✐❡r ❙t♦❦❡s ❡q✉❛t✐♦♥✿

ρ(❛1 + ❛2) = −grad p+ η ∂✈ ✭✸✳✼✮

✇✐t❤ η t❤❡ ✈✐s❝♦s✐t② ♦❢ t❤❡ ✢✉✐❞✳ ❖♥❡ ❤❛s t♦ ❧♦♦❦ ❛t t❤r❡❡ ❝❛s❡s✿

❼ ✐❞❡❛❧ ✢✉✐❞s ✲ ❛❧❧ ❢r✐❝t✐♦♥ ❢♦r❝❡s ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞

❼ ❧❛♠✐♥❛r ✢♦✇s ✲ t❤❡ ♣❛rt a2 ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞✱ ❢r✐❝t✐♦♥ ❢♦r❝❡s ❛r❡ ❡ss❡♥t✐❛❧

❼ t✉r❜✉❧❡♥t ✢♦✇s ✲ t❤❡ ♣❛rt a2 ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❛rt✱ ♠♦r❡ ✐♠♣♦rt❛♥t

✶✾
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t❤❡♥ ❢r✐❝t✐♦♥ ❢♦r❝❡s✳

✸✳✶✳✹ Pr❛♥❞t❧ ▲❛②❡r

❚❤✐s ❧❛②❡r ❞❡✜♥❡s t❤❡ ♥❡❛r s✉r❢❛❝❡ ❜♦✉♥❞❛r② ❧❛②❡r ❢r♦♠ t❤❡ ❡❛rt❤ s✉r❢❛❝❡ ✉♣ t♦
✶✵✵ ♠ ✐♥ t❤❡ ❛t♠♦s♣❤❡r❡✳ ■t ✐s t❤❡ ❧♦✇❡r ♣❛rt ♦❢ t❤❡ ❛t♠♦s♣❤❡r✐❝ ❜♦✉♥❞❛r② ❧❛②❡r
✭♣❡♣❧♦s♣❤❡r❡✮✳ ❚❤❡ ❛t♠♦s♣❤❡r✐❝ ❜♦✉♥❞❛r② ❧❛②❡r ❞❡✜♥❡s t❤❡ ❛t♠♦s♣❤❡r❡ ✉♣ t♦
✺✵✵ ♠ t♦ ✷✵✵✵ ♠✳ ❚❤❡ ♠❛✐♥ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤✐s ❧❛②❡r ❛r❡ t❤❡ str♦♥❣ s♣❛t✐❛❧
❛♥❞ t❡♠♣♦r❛❧ ❝❤❛♥❣❡s ♦❢ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ✜❡❧❞s✳ ❚❤❡ ❛t♠♦s♣❤❡r✐❝ ❜♦✉♥❞❛r②
❧❛②❡r ❝♦♥s✐sts ♦❢ t❤❡ ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞ Pr❛♥❞t❧ ❧❛②❡r ❛♥❞ t❤❡ ❊❦♠❛♥ ❧❛②❡r✳ ❆❧❧
t✉r❜✉❧❡♥t ✢✉①❡s ❛r❡ ❝♦♥st❛♥t ✇✐t❤ t❤❡ ❝❤❛♥❣❡ ♦❢ ❤❡✐❣❤t✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ♣♦ss✐❜✐❧✐t②
t♦ ❝❧❛ss✐❢② ✇✐♥❞ ❛♥❞ t❡♠♣❡r❛t✉r❡ ♣r♦✜❧❡s ❢r♦♠ t❤❡ ▼♦♥✐♥✲❖❜✉❦❤♦✈✲❚❤❡♦r② ✭s❡❡
❝❤❛♣t❡r ✸✳✶✳✺✮✳

✸✳✶✳✺ ▼♦♥✐♥✲❖❜✉❦❤♦✈ t❤❡♦r②

■t ❞❡s❝r✐❜❡s t❤❡ r✉❧❡s ❢♦r t❤❡ ✇✐♥❞ ❛♥❞ t❡♠♣❡r❛t✉r❡ ♣r♦✜❧❡s ✐♥ t❤❡ Pr❛♥❞t❧✲❧❛②❡r✳
■t ❝❧❛✐♠s t❤❛t t❤❡ ❣r❛❞✐❡♥ts ♦❢ ✇✐♥❞ ❛♥❞ t❡♠♣❡r❛t✉r❡ ❛r❡ ❛ ✉♥✐✈❡rs❛❧ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ ❤❡✐❣❤t z/L✳ L ✐s t❤❡ s♦ ❝❛❧❧❡❞ ▼♦♥✐♥✲❖❜✉❦❤♦✈✲▲❡♥❣t❤✳ ■t ✐s ❞❡✜♥❡❞ ❛s✿

L = −
(−u′w′)

3

2

κ g
T
T ′w′

✭✸✳✽✮

❲✐t❤ T ′✱u′ ❛♥❞ w′ ❛s t❤❡ t❡♠♣❡r❛t✉r❡✱ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ✇✐♥❞ t✉r❜✉❧❡♥t
✢✉❝t✉❛t✐♦♥s✳ T ✐s t❤❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ κ ✐s t❤❡ ❑❛r♠❛♥ ❝♦♥st❛♥t ✇❤✐❝❤ ❡q✉❛❧s ✵✳✹
❬✷✵❪✳ ❉✉r✐♥❣ t❤❡ ❞❛② t❤❡ ▼♦♥✐♥ ❖❜✉❦❤♦✈ ❧❡♥❣t❤ ✐s ♥❡❣❛t✐✈❡✱ ❛♥❞ ✐s ❞❡✜♥❡❞ ❛s t❤❡
❤❡✐❣❤t ❛t ✇❤✐❝❤ t❤❡ ❜✉♦②❛♥t ♣r♦❞✉❝t✐♦♥ ♦❢ t✉r❜✉❧❡♥❝❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s ❡q✉❛❧ t♦
t❤❡ ❡♥❡r❣② ♣r♦❞✉❝❡❞ ❜② t❤❡ s❤❡❛r✐♥❣ ❛❝t✐♦♥ ♦❢ t❤❡ ✇✐♥❞ ❬✶✼✱✶✽❪✳

✸✳✷ ❆t♠♦s♣❤❡r✐❝ ▼♦❞❡❧✐♥❣

❚❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞ t❤❡♦r✐❡s ❛r❡ t❤❡ ❜❛s✐s ❢♦r t❤❡ ♥♦✇ ❢♦❧❧♦✇✐♥❣ ❡①♣❧❛♥❛t✐♦♥s✳ ❆t✲
♠♦s♣❤❡r✐❝ ❞✐s♣❡rs✐♦♥ ✐s ❛ ❝♦♠♣❧❡① ❛r❡❛ ♦❢ r❡s❡❛r❝❤✱ ❡s♣❡❝✐❛❧❧② ✐❢ t✉r❜✉❧❡♥❝❡ ❜❡❝♦♠❡
♣❛rt ♦❢ t❤❡ ♣r♦❜❧❡♠✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ♠♦❞❡❧s ❤❛✈❡ ❡❛s❡❞ ♦✉t t❤❡ ✐ss✉❡✱ ❛s ♥✉♠❡r✲
✐❝❛❧ ❛♣♣r♦❛❝❤❡s ✇❡r❡ ❢♦✉♥❞✳▲❡❡❧öss②✱ ▼♦❧♥àr ❡t ❛❧ ❬✶✸❪ ❞❡s❝r✐❜❡ ❜❛s✐❝ ❝♦♥❝❡♣ts ♦❢
❛t♠♦s♣❤❡r✐❝ ♠♦❞❡❧✐♥❣✱ ✇❤✐❝❤ ❛r❡ s❤♦✇♥ ❜❡❧♦✇✳

✷✵
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✸✳✷✳✶ ❚r❛♥s♣♦rt ❊q✉❛t✐♦♥

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

∂c

∂t
= −∇ · (c

→
v ) + Sc +∇ · (Dc∇c) ✭✸✳✾✮

✇❡r❡
→
v ✐s t❤❡ ✇✐♥❞ ✈❡❝t♦r✱ Sc t❤❡ s♦✉r❝❡ t❡r♠✱ ❛♥❞ Dc t❤❡ ❞✐✛✉s✐♦♥ ❝♦❡✣❝✐❡♥t✳

❊q✉❛t✐♦♥ ✸✳✾ ❞❡s❝r✐❜❡s t❤❡ ❝❤❛♥❣❡ ♦❢ ❝♦♥❝❡♥tr❛t✐♦♥ ❛t ❛ ♣♦✐♥t ❛s ❛ s✉♠ ♦❢ t❤❡
❛❞✈❡❝t✐✈❡ ✢✉①✱ t❤❡ s♦✉r❝❡ t❡r♠ ❛♥❞ t❤❡ ❞✐✛✉s✐♦♥ ✢✉①✳ ❚❤❡ s♦✉r❝❡ t❡r♠ ✐♥❝❧✉❞❡s
t❤❡ ❞r② ❛♥❞ ✇❡t ❞❡♣♦s✐t✐♦♥✱ ❛♥❞ ♠♦r❡ ✐♠♣♦rt❛♥t❧② t❤❡ r❛❞✐♦❛❝t✐✈❡ ❞❡❝❛②✳ ❚❤❡
❛t♠♦s♣❤❡r✐❝ tr❛♥s♣♦rt ❡q✉❛t✐♦♥ ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ ❛♥② t✉r❜✉❧❡♥❝❡s✳ ❘❡②♥♦❧❞s t❤❡♦r②
s♣❧✐ts t❤❡ ✇✐♥❞ ❛♥❞ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✜❡❧❞ ✐♥t♦ ❛ t✐♠❡ ❛✈❡r❛❣❡❞ ❛♥❞ ❛ t✉r❜✉❧❡♥t
♣❡rt✉r❜❛t✐♦♥ ♣❛rt✿

→
v=

→
v+

→
v
′

✭✸✳✶✵✮

c = c+ c′ ✭✸✳✶✶✮

❲✐t❤ ❡q✉❛t✐♦♥s ✸✳✶✵ ❛♥❞ ✸✳✶✶ ❡q✉❛t✐♦♥ ✸✳✾ ❢♦r♠s t♦✿

∂c

∂t
= −∇ · (

→
v c) + Sc +Dc∇

2c−
∂(u′c′)

∂x
−

∂(v′c′)

∂y
−

∂(w′c′)

∂z
✭✸✳✶✷✮

❚❤❡ t❡r♠s ♦♥ t❤❡ r✐❣❤t s✐❞❡ ♦❢ ❡q✉❛t✐♦♥ ✸✳✶✷ ❛r❡ t❤❡ ❛❞✈❡❝t✐♦♥✱ t❤❡ s♦✉r❝❡ t❡r♠✱ t❤❡
♠♦❧❡❝✉❧❛r ❞✐✛✉s✐♦♥ ❛♥❞ t❤❡ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ t✉r❜✉❧❡♥t ✢✉①❡s✳ ❚❤❡ ♠♦❧❡❝✉❧❛r
❞✐✛✉s✐♦♥ ❝♦♠♣♦♥❡♥t ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞✱ ❛s t❤❡ t✉r❜✉❧❡♥t ♠✐①✐♥❣ ✐s s❡✈❡r❛❧ ♦r❞❡rs ♦❢
♠❛❣♥✐t✉❞❡ ❤✐❣❤❡r✳ ❚❤❡ ♦♥❧② ❡①❝❡♣t✐♦♥ ❛r✐s❡s ✐♥ ❧❛♠✐♥❛r ❣r♦✉♥❞ ❧❛②❡rs✳

✸✳✷✳✷ ❚✉r❜✉❧❡♥❝❡

▼❡❝❤❛♥✐❝❛❧ ❛♥❞ t❤❡r♠❛❧ ❡✛❡❝ts ❝❛♥ ❝❛✉s❡ ♥❡❛r s✉r❢❛❝❡ t✉r❜✉❧❡♥❝❡✳ ▼❡❝❤❛♥✐❝❛❧
t✉r❜✉❧❡♥❝❡ ✐s ❝❛✉s❡❞ ❜② ❢r✐❝t✐♦♥ ❢♦r❝❡s ✐♥ ❛ ✈✐s❝♦✉s ✢♦✇ ❞r✐✈❡♥ ❜② ✇✐♥❞ s❤❡❛r✳
❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤✐s t✉r❜✉❧❡♥❝❡✱ ❛ ✸❉ ✇✐♥❞ ✜❡❧❞ ❞❛t❛ ✐s r❡q✉✐r❡❞ ❬✶✸✱
♣✳✹❪✳ ❇✉♦②❛♥❝② ❞r✐✈❡s t❤❡r♠❛❧ t✉r❜✉❧❡♥❝❡✱ t❤❡② ❝❛♥ ❜❡ ❡❛s✐❧② ❞❡s❝r✐❜❡❞ ❜② st❛❜✐❧✐t②
♠❡❛s✉r❡s✳ ❚✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ✈❛r✐♦✉s ✇❛②s✱ ♦♥❡ ✇❛② ✐s t❤❡
❘❡②♥♦❧❞s✲❛✈❡r❛❣❡❞ ❛♣♣r♦❛❝❤ ✭❘❆◆❙✮✳ ❍❡r❡ t❤❡ t✉r❜✉❧❡♥t ❦✐♥❡t✐❝ ❡♥❡r❣② ✭❚❑❊✮

✷✶
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r❡♣r❡s❡♥ts t❤❡ ❛✈❡r❛❣❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡ s✉❜❣r✐❞ s❝❛❧❡ ✇✐♥❞ ✢✉❝t✉❛t✐♦♥s ✶✿

TKE =
1

2
(u′2 + v′2 + w′2) ✭✸✳✶✸✮

✇✐t❤ u′✱v′ ❛♥❞ w′ t❤❡ ✇✐♥❞ ❝♦♠♣♦♥❡♥t ✢✉❝t✉❛t✐♦♥s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ t✐♠❡ ❛✈❡r✲
❛❣❡❞ ✇✐♥❞✳

✸✳✷✳✸ ❙t❛❜✐❧✐t② ❈❧❛ss❡s

❲✐♥❞ s❤❡❛r ❛♥❞ ❜✉♦②❛♥❝② ❞r✐✈❡ t❤❡ t✉r❜✉❧❡♥t ♠✐①✐♥❣ ✐♥ t❤❡ ❛t♠♦s♣❤❡r❡✳ ❚♦ ❡❛s❡
t❤✐s ♣r♦❜❧❡♠✱ t❤❡r❡ ❛r❡ ❝❛t❡❣♦r✐❡s ❞❡✜♥❡❞ t❤❛t ✐♥❝❧✉❞❡ r❛❞✐❛t✐♦♥ ♣❛r❛♠❡t❡rs✱ ✇✐♥❞
s♣❡❡❞✱ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ❛♥❞ ❝❧♦✉❞ ❝♦✈❡r✳ ❚❤❡s❡ s♦ ❝❛❧❧❡❞ ❝❛t❡❣♦r✐❡s ❛r❡ ❝❛❧❧❡❞
P❛sq✉✐❧❧ st❛❜✐❧✐t② ❝❧❛ss❡s✱ r❛♥❣✐♥❣ ❢r♦♠ ❝❧❛ss ❆ ✈❡r② ✉♥st❛❜❧❡ t♦ ❝❧❛ss ❋ ♠♦❞❡r❛t❡❧②
st❛❜❧❡ ❬✶✹✱✶✺❪✳ ❇❛s✐❝ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ t❤❡♥ ❜❡ ❡st✐♠❛t❡❞ ❢r♦♠
t❤♦s❡ ❝❧❛ss❡s✳ ■t ♠✉st ❜❡ s❛✐❞✱ t❤❛t t❤♦s❡ ❝❧❛ss❡s s❤♦✇ ✈❡r② ❧♦✇ ❛❝❝✉r❛❝② ❝♦♠♣❛r❡❞
t♦ ❞✐r❡❝t ❝❛❧❝✉❧❛t✐♦♥s✳

✸✳✷✳✹ ❘✐❝❤❛r❞s♦♥ ◆✉♠❜❡r

❚❤❡ ❣r❛❞✐❡♥t ❘✐❝❤❛r❞s♦♥ ◆✉♠❜❡r ❞❡✜♥❡s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ t❤❡r♠❛❧ ❛♥❞ t❤❡
♠❡❝❤❛♥✐❝❛❧ t✉r❜✉❧❡♥❝❡❬✶✻❪✿

Ri =
−

g
ρ0

∂p
∂z

(∂u
∂z
)2 + (∂v

∂z
)2

✭✸✳✶✹✮

✇✐t❤ ρ0 t❤❡ r❡❢❡r❡♥❝❡ ❞❡♥s✐t②✳ ❚❤❡ ♥✉♠❡r❛t♦r ♦❢ ❡q✉❛t✐♦♥ ✸✳✶✹ ✐s t❤❡ t❤❡r♠❛❧ t✉r✲
❜✉❧❡♥❝❡ ✭❜✉♦②❛♥❝②✮✱ t❤❡ ❞❡♥♦♠✐♥❛t♦r ✐s t❤❡ ✇✐♥❞ s❤❡❛r t❡r♠✳ ❚❤❡ ❣❡♥❡r❛t♦r ♦❢
t❤❡ t✉r❜✉❧❡♥❝❡ ✐s ❛❧✇❛②s t❤❡ ♣♦s✐t✐✈❡ ✇✐♥❞ s❤❡❛r t❡r♠✳ ❇✉♦②❛♥❝② ❝❛♥ ❜❡ ♥❡❣❛t✐✈❡
♦r ♣♦s✐t✐✈❡✳ ❆ ♥❡❣❛t✐✈❡ ❘✐❝❤❛r❞s♦♥ ♥✉♠❜❡r st❛♥❞s t❤❡r❡❢♦r❡ ❢♦r ❛♥ ✉♥st❛❜❧❡ str❛t✲
✐✜❝❛t✐♦♥ t❤❛t ❝❛♥ ❞❡✈❡❧♦♣ t❤❡r♠❛❧ t✉r❜✉❧❡♥❝❡✱ ✇❤✐❧❡ ❛ ♣♦s✐t✐✈❡ ❘✐❝❤❛r❞s♦♥ ♥✉♠❜❡r
st❛♥❞s ❢♦r ❛ st❛❜❧❡ str❛t✐✜❡❞ ❛t♠♦s♣❤❡r❡✳

✶❘✳❇✳❙t✉❧❧✱ ❆♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ ❇♦✉♥❞❛r② ▲❛②❡r ▼❡tr❡♦❧♦❣②✱ ❑❧✉✇❡r ❆❝❛❞❡♠✐❝ P✉❜❧✐s❤❡rs✱
✶✾✽✽

✷✷
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✸✳✷✳✺ ❙✉♠♠❛r②

❚❛❦✐♥❣ t❤❡ t❤r❡❡ ♠❡♥t✐♦♥❡❞ t❤❡♦r✐❡s t♦❣❡t❤❡r ✭P❛sq✉✐❧❧ st❛❜✐❧✐t② ❝❧❛ss❡s✱ ❘✐❝❤❛r❞s♦♥
♥✉♠❜❡r ❛♥❞ t❤❡ ▼♦♥✐♥ ❖❜✉❦❤♦✈ t❤❡♦r②✮ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡♠ ✐♥ t❤❡
❢♦❧❧♦✇✐♥❣ ✇❛②✿

❙t❛❜✐❧✐t② ❈❧❛ss ❘✐❝❤❛r❞s♦♥ ◆✉♠❜❡r ▼♦♥✐♥✲❖❜❤✉❦❤♦✈ ▲❡♥❣t❤ ✭♠✮
❆ Ri < −0.86 ✲✷ t♦ ✲✸
❇ −0.86 ≤ Ri ≥ −0.37 ✲✹ t♦ ✲✺
❈ −0.37 ≤ Ri ≥ −0.10 ✲✶✷ t♦ ✲✶✺
❉ −0.10 ≤ Ri ≥ 0.053 ✐♥✜♥✐t❡
❊ 0.053 ≤ Ri ≥ 0.134 ✸✺ t♦ ✼✺
❋ 0.134 ≤ Ri ✽ t♦ ✸✺

❚❛❜❧❡ ✸✳✶✿ ❱❛❧✉❡s ❢♦r ❘✐❝❤❛r❞s♦♥ ◆✉♠❜❡r ❛♥❞ ▼♦♥✐♥✲❖❜✉❦❤♦✈ ❧❡♥❣t❤ ❢♦r ❡❛❝❤
st❛❜✐❧✐t② ❝❧❛ss ❬✷✶❪

❚❤❡ P❛sq✉✐❧❧ st❛❜✐❧✐t② ❝❧❛ss❡s ❤❛✈❡ s❡✈❡r❛❧ ✇❡❛❦♥❡ss❡s ❛♥❞ ❝❛♥ ♦♥❧② ❣✐✈❡ ❛ ❜❛✲
s✐❝ ❣✉✐❞❛♥❝❡✳ ❚❤❡ ▼♦♥✐♥✲❖❜✉❦❤♦✈ t❤❡♦r② ✇❛s t❤❡ ♦♥❡ ✈❛❧✐❞❛t❡❞ ❛❣❛✐♥st s❡✈❡r❛❧
❝♦♠♣✉t❛t✐♦♥❛❧ ♠♦❞❡❧s ❛♥❞ ♠❡❛s✉r❡♠❡♥ts✳ ■t s❤♦✇❡❞ t❤❡ ♠♦st r❡❧✐❛❜❧❡ ❜❛s✐s ❢♦r
❛t♠♦s♣❤❡r✐❝ ♠♦❞❡❧✐♥❣✳

✸✳✸ ❈♦♠♣✉t❛t✐♦♥❛❧ ▼♦❞❡❧s

❚❤❡r❡ ❛r❡ t❤r❡❡ ♠❛✐♥ ♠♦❞❡❧✐♥❣ ♣♦ss✐❜✐❧✐t✐❡s ❢♦r ❛t♠♦s♣❤❡r✐❝ ❞✐s♣❡rs✐♦♥✿ ❚❤❡ ●❛✉s✲
s✐❛♥ ❞✐s♣❡rs✐♦♥ ♠♦❞❡❧✱ t❤❡ ❊✉❧❡r✐❛♥ ❞✐s♣❡rs✐♦♥ ♠♦❞❡❧ ❛♥❞ t❤❡ ▲❛❣r❛♥❣✐❛♥ ❞✐s♣❡r✲
s✐♦♥ ♠♦❞❡❧✳ ■♥ t❤❡ ♥❡①t ♣❛r❛❣r❛♣❤s ❡❛❝❤ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ s❤♦rt❧②✳ ❚❤❡ ♠♦❞❡❧ ✉s❡❞
❢♦r t❤✐s ✇♦r❦✱ t❤❡ ▲❛❣r❛♥❣✐❛♥ ♠♦❞❡❧✱ ✐s ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧s ✐♥ ❝❤❛♣t❡r ✹✳✷✳
❚❤❡ ❜❛s✐s ❢♦r ❛❧❧ t❤r❡❡ ♠♦❞❡❧s ✐s t❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ tr❛♥s♣♦rt ❡q✉❛t✐♦♥✱ ❡q✉❛t✐♦♥
✸✳✾✳

✸✳✸✳✶ ❚❤❡ ●❛✉ss✐❛♥ ❞✐s♣❡rs✐♦♥ ♠♦❞❡❧

❚❤❡ ❡q✉❛t✐♦♥ ✸✳✾ ❝❛♥ ❜❡ ❛♥❛❧②t✐❝❛❧❧② ✐♥t❡❣r❛t❡❞✱ ✐❢ ❛ ❤♦♠♦❣❡♥♦✉s✱ st❡❛❞② st❛t❡ ✢♦✇
❛♥❞ ❛ st❡❛❞② st❛t❡ ♣♦✐♥t s♦✉r❝❡ ❛t ✭✵✱✵✱❤✮ ✐s ❛ss✉♠❡❞✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ●❛✉ss✐❛♥

✷✸
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♣❧✉♠❡ ❞✐str✐❜✉t✐♦♥ ✭s❡❡ ❞❡r✐✈❛t✐♦♥ ✐♥ ❬✷✷❪✷✿

c(x, y, z) =
Q

2πσyσzu
exp

(

−y2

2σ2
y

)(

exp

(

−(z − h)2

2σ2
z

)

+ exp

(

−(z + h)2

2σ2
z

))

✭✸✳✶✺✮
✇✐t❤ c t❤❡ t✐♠❡ ❛✈❡r❛❣❡❞ ❝♦♥❝❡♥tr❛t✐♦♥ ❛t ❛ ❣✐✈❡♥ ♣♦s✐t✐♦♥✱ ◗ t❤❡ s♦✉r❝❡ t❡r♠✱ ① t❤❡
❞♦✇♥✇✐♥❞✱ ② t❤❡ ❝r♦ss✇✐♥❞ ❛♥❞ ③ t❤❡ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ ❛♥❞ u t❤❡ t✐♠❡ ❛✈❡r❛❣❡❞
✇✐♥❞ s♣❡❡❞ ❛t t❤❡ r❡❧❡❛s❡ ❤❡✐❣❤t ❤✳ σz ❛♥❞ σy ❛r❡ t❤❡ ❝r♦ss✇✐♥❞ ❛♥❞ ✈❡rt✐❝❛❧
♠✐①✐♥❣ ♦❢ t❤❡ ♣♦❧❧✉t❛♥t✳ ❚❤❡ ❡q✉❛t✐♦♥ ✸✳✶✺ ❞❡s❝r✐❜❡s ❛ ♠✐①✐♥❣ ♣r♦❝❡ss✱ r❡s✉❧t✐♥❣
✐♥ ❛ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥ ✐♥ ✈❡rt✐❝❛❧ ❛♥❞ ❝r♦ss✇✐♥❞ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥
✐s ❝❡♥tr❡❞ ❛t t❤❡ ❞♦✇♥✇✐♥❞ ❧✐♥❡ ❢r♦♠ t❤❡ s♦✉r❝❡✳ ❚❤❡ t♦t❛❧ r❡✢❡❝t✐♦♥ ❢r♦♠ t❤❡
❣r♦✉♥❞ ✐s t❤❡ ❧❛st t❡r♠ ✐♥ t❤❡ ❡q✉❛t✐♦♥✳ ❆s ✐♥ t❤❡ ●❛✉ss✐❛♥ ♠♦❞❡❧ t❤❡r❡ ✐s ♦♥❧②
♦♥❡ ❡q✉❛t✐♦♥ t♦ s♦❧✈❡✱ t❤❡ ♠♦❞❡❧s ❛r❡ q✉✐❝❦❧② ❝❛❧❝✉❧❛t❡❞✳ ❙♦ ✐❢ ❛ ❢❛st r❡s♣♦♥s❡ t✐♠❡
✐s ♥❡❡❞❡❞ ❛♥❞ t❤❡ ♠♦❞❡❧ ✐s r♦❜✉st✱ t❤❡ ●❛✉ss ♠♦❞❡❧ ❝❛♥ ❜❡ ❝❤♦s❡♥✳ ❚❤❡ ●❛✉ss
♠♦❞❡❧ ❢❛✐❧s ❤♦✇❡✈❡r ✐♥ s✐t✉❛t✐♦♥s ✇✐t❤ ❧♦✇ ✇✐♥❞ s♣❡❡❞ ♦r ✇❤❡r❡ ❛ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧
❞✐✛✉s✐♦♥ ✐s ♥❡❝❡ss❛r②✳ ●❛✉ss ♠♦❞❡❧s ❝❛♥ ❤❛♥❞❧❡ ♦♥❧② ❝❧♦s❡ r❛♥❣❡ ❛♣♣❧✐❝❛t✐♦♥s✱ ✉♣
t♦ ✶✵✵ ❦♠ ❬✷✸❪✳

✸✳✸✳✷ ▲❛❣r❛♥❣✐❛♥ ❉✐s♣❡rs✐♦♥ ▼♦❞❡❧s

■♥ ❝♦♥tr❛st t♦ t❤❡ ●❛✉ss✐❛♥ ♠♦❞❡❧s✱ ❢♦r t❤❡ ▲❛❣r❛♥❣✐❛♥ ♠♦❞❡❧s t❤❡ tr❛❥❡❝t♦r②
♦❢ ❡❛❝❤ ♣❛rt✐❝❧❡ ✐s ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ tr❛❥❡❝t♦r✐❡s ❛r❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ✇✐♥❞ ✜❡❧❞
❛♥❞ t❤❡ ❜✉♦②❛♥❝② ✭✇❤✐❝❤ ❛r❡ ❞❡t❡r♠✐♥✐st✐❝ t❡r♠s✮ ❛♥❞ t✉r❜✉❧❡♥❝❡ ❡✛❡❝ts✭ ✇❤✐❝❤
✐s ❛ st♦❝❤❛st✐❝ t❡r♠✮✳ ❚♦ ❛✈♦✐❞ s♣❛t✐❛❧ tr✉♥❝❛t✐♦♥ ❡rr♦rs ❛♥❞ ♥✉♠❡r✐❝❛❧ ❞✐✛✉s✐♦♥
♦r❞✐♥❛r② ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s ❛r❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ tr❛❥❡❝t♦r✐❡s✳ ■♥ t❤❡ ❡♥❞✱
t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ✜❡❧❞ ❣✐✈❡s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥✳
❚❤❡ ▲❛❣r❛♥❣✐❛♥ ♠♦❞❡❧ ✐s ♠❛✐♥❧② ✉s❡❞ ❢♦r s❤♦rt r❛♥❣❡ s✐♠✉❧❛t✐♦♥s✱ ❞✉❡ t♦ t❤❡ ❢❛❝t
t❤❛t t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝❛♣❛❝✐t✐❡s ❤❛✈❡ t♦ ✐♥❝r❡❛s❡ ✇✐t❤ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ❝❛❧❝✉❧❛t❡❞
♠♦❞❡❧✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ❢❛❝t✱ t❤❛t s❡✈❡r❛❧ ♠♦❞❡❧s ✉s❡ ❛ ▲❛❣r❛♥❣✐❛♥ ❛♣♣r♦❛❝❤ ✐♥
t❤❡ ❝❧♦s❡ r❛♥❣❡✱ ❛♥❞ ❝❤❛♥❣❡ t♦ ❛♥ ❊✉❧❡r ▼♦❞❡❧ ✐♥ t❤❡ ❧♦♥❣ r❛♥❣❡ ❬✶✸✱ ✷✹✱ ✷✺❪✳ ❚❤❡
tr❛❥❡❝t♦r② ♦❢ ❛ ♣❛rt✐❝❧❡ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜②✿

d
→
r

dt
=

→
v +

→
v1 ✭✸✳✶✻✮

✷❬✶✸✱ ♣✳✽❪

✷✹
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✇✐t❤
→
r t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡✱

→
v t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ♣❛rt✐❝❧❡ ❛♥❞

→
v1 t❤❡

t✉r❜✉❧❡♥t ✇✐♥❞ ✢✉❝t✉❛t✐♦♥ ✈❡❝t♦r✳ ❯s✐♥❣ t❤❡ ▲❛♥❣❡✈✐♥ ❡q✉❛t✐♦♥✱ t❤❡ t✉r❜✉❧❡♥t
✇✐♥❞ ✢✉❝t✉❛t✐♦♥ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❬✷✻❪✿

dwt = −
Wt

TL

dt+

√

2σ2
W

TL

dW ✭✸✳✶✼✮

✇✐t❤ wt t❤❡ ✈❡rt✐❝❛❧ t✉r❜✉❧❡♥t ✢✉❝t✉❛t✐♦♥✱ TL t❤❡ ✐♥t❡❣r❛t✐♦♥ t✐♠❡ st❡♣ ✱ σW t❤❡
✈❡rt✐❝❛❧ t✉r❜✉❧❡♥t ✈❡❧♦❝✐t② ✢✉❝t✉❛t✐♦♥ ❛♥❞ dW ❛ ✇❤✐t❡ ♥♦✐s❡ ♣r♦❝❡ss✳ ❚❤❡r❡ ❛r❡ ✷
♠♦❞❡❧s t❤❛t ♥❡❡❞ t♦ ❜❡ ❞✐s❝✉ss❡❞ ❤❡r❡✿

❼ P✉✛ ▼♦❞❡❧s
P✉✛ ▼♦❞❡❧s ❤❛✈❡ ✐ts ❜❛s✐s ✐♥ ●❛✉ss✐❛♥ ❛♥❞ ▲❛❣r❛♥❣✐❛♥ ♠♦❞❡❧s✳ ✑P✉✛s✑ ❛r❡ ❛
s✉♣❡r♣♦s✐t✐♦♥ ♦❢ s❡✈❡r❛❧ ♣♦❧❧✉t✐♦♥ ❝❧♦✉❞s✳ ❚❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ t❤❡s❡ ♣✉✛s ❛r❡
❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ ✇❛② ♦❢ ❝❛❧❝✉❧❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ s✐③❡ ♦❢ t❤❡ ♣✉✛s✱ ❜❡❧♦✇
♣✉✛ s✐③❡ t❤❡ ●❛✉ss✐❛♥ ♠♦❞❡❧ ✐s t❛❦❡♥✱ ❛❜♦✈❡ ♣✉✛ s✐③❡✱ t❤❡ ▲❛❣r❛♥❣✐❛♥ ♠♦❞❡❧
✐s ❛♣♣❧✐❡❞✳ ●❛✉ss✐❛♥ ♠♦❞❡❧s ❣❛✈❡ ❛ ❞✐str✐❜✉t✐♦♥ ❛❧♦♥❣ t❤❡ ❝❡♥t❡r❧✐♥❡✱ ♣✉✛
♠♦❞❡❧s ❣✐✈❡ ❛ ●❛✉ss✐❛♥ ♣❧✉♠ ❛❧♦♥❣ t❤❡ ✇✐♥❞ ❞r✐✈❡♥ tr❛❥❡❝t♦r②✳ ❚❤❡ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ✐s t❤❡♥ ❣✐✈❡♥ ❜② t❤❡ ♦✈❡r❧❛♣ ♦❢ ❛❧❧ ♣✉✛s✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❝♦♠♣✉t❛t✐♦♥❛❧
❡✛❡❝t✐✈❡ ♠♦❞❡❧ t❤❛t ❝❛♥ ❛❧s♦ ❤❛♥❞❧❡ s♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ❝❤❛♥❣❡s ♦❢ t❤❡ ✇✐♥❞
❞✐r❡❝t✐♦♥✳ ❚♦ ✐♥❝❧✉❞❡ t✉r❜✉❧❡♥❝❡ t❤❡r❡ ✐s ❡✐t❤❡r ❛ st♦❝❤❛st✐❝ r❛♥❞♦♠ ✇❛❧❦ ✐♥
t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ t❤❡ ♣✉✛s✱ ♦r ❛ ❞❡✈✐❛t✐♦♥ ♦❢ ❛ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ✐♥s✐❞❡
❡❛❝❤ ♣✉✛ ❬✶✸❪✳

❼ ❚r❛❥❡❝t♦r② ▼♦❞❡❧s
❚❤❡s❡ ♠♦❞❡❧ t②♣❡s ✉s❡ ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ r❡❧❡❛s❡❞ ♣♦❧❧✉t✐♦♥ ❛♥❞ s✐♠✉❧❛t❡s
t❤❡ tr❛❥❡❝t♦r② ❛s ❛ st♦❝❤❛st✐❝ ♣r♦❝❡ss ❢♦r s✐♥❣❧❡ ♣♦✐♥t ♣❛rt✐❝❧❡s✳ ❚❤❡s❡ ❛r❡
✐♥✢✉❡♥❝❡❞ ❜② ❛❞✈❡❝t✐♦♥✱ ❜✉♦②❛♥❝② ❛♥❞ t✉r❜✉❧❡♥❝❡✳ ❚❤❡ r❡s✉❧t ✐s ❛ ❣♦♦❞
❡st✐♠❛t✐♦♥ ♦❢ t✉r❜✉❧❡♥❝❡ ♠✐①✐♥❣✱ ✇✐t❤♦✉t s♦❧✈✐♥❣ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s✱ ❜✉t
✇✐t❤ t❤❡ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ ❤✐❣❤ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✛♦rts✳ ❚❤✐s ♠❡t❤♦❞ ❝❛♥ ❛❧s♦
❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♦r✐❣✐♥ ♦❢ ❛ ♣♦❧❧✉t✐♦♥❬✶✸❪✳

✸✳✸✳✸ ❊✉❧❡r ❉✐s♣❡rs✐♦♥ ▼♦❞❡❧s

❚❤❡ tr❛♥s♣♦rt ❡q✉❛t✐♦♥ ✭❊q✳ ✸✳✾✮ ❝❛♥ ❜❡ s♦❧✈❡❞ ♥✉♠❡r✐❝❛❧❧② ✐♥ ❛ ✜①❡❞ ❝♦♦r❞✐♥❛t❡
s②st❡♠✱ ♠❡❛♥✐♥❣ t❤❛t ❛t ❡❛❝❤ ♣♦✐♥t ✐♥ t❤❡ s②st❡♠ t❤❡ ❛t♠♦s♣❤❡r✐❝ ♣r♦♣❡rt✐❡s
s✉❝❤ ❛s t❡♠♣❡r❛t✉r❡✱ ♣r❡ss✉r❡✱ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ♣♦❧❧✉t❛♥ts ❛r❡ ♠♦♥✐t♦r❡❞ ♦✈❡r
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t✐♠❡✳ ❚❤✐s ❧❡❛❞s t♦ ❛ s❡❝♦♥❞ ♦r❞❡r ♣❛rt✐❛❧ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥✱ ✇✐t❤ ✐ts s♦❧✉t✐♦♥
♣r♦✈✐❞✐♥❣ ❛ s♣❛t✐♦✲t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❚❤❡ ♠♦❞❡❧ ✐s ✉s✉❛❧❧②
❛♣♣❧✐❡❞ ❢♦r ❧❛r❣❡ s❝❛❧❡ ♠♦❞❡❧s✱ st❛rt✐♥❣ ❛t ✶✵ ❦♠ ♦❢ ❞✐s♣❡rs✐♦♥❬✶✸❪✳
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✹ ❘❖❉❖❙ ✲ ❉❡s❝r✐♣t✐♦♥ ❛♥❞

❋❡❛t✉r❡s

❚❤❡ s✐♠✉❧❛t✐♦♥ t♦♦❧ ❘❖❉❖❙ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❋♦rs❝❤✉♥❣s③❡♥tr✉♠ ❑❛r❧sr✉❤❡
❬✶✷❪✳ ❚❤❡ ❛❝❝✐❞❡♥ts ♦❢ ❈❤❡r♥♦❜②❧✱ ❋✉❦✉s❤✐♠❛ ❛♥❞ t❤❡ ❛tt❛❝❦s ✐♥ ❙❡♣t❡♠❜❡r ✷✵✵✶
✐♥ t❤❡ ❯❙ s❤♦✇❡❞ t❤❡ ♥❡❡❞ ♦❢ ❛ q✉✐❝❦✱ r❡❧✐❛❜❧❡ ❛♥❞ ❡❛s② t♦ ❝♦♠♠✉♥✐❝❛t❡ t♦♦❧ t♦
❧✐♠✐t ❢❡❛rs ♦❢ t❤❡ ♣✉❜❧✐❝✳ ❊s♣❡❝✐❛❧❧② t❤❡ ❈❤❡r♥♦❜②❧ ❛❝❝✐❞❡♥t s❤♦✇❡❞ t❤❛t t❤❡ tr✉st
♦❢ ♣❡♦♣❧❡ ✐♥ ❣♦✈❡r♥♠❡♥ts ❝❛♥ ❜❡ ♣r♦❢♦✉♥❞❧② ❞❛♠❛❣❡❞✱ ✐❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤
t❤❡♠ ✐s ♥♦t ♦♣❡♥ ❛♥❞ ✉♥❞❡rst❛♥❞❛❜❧❡✳ ❙✐♥❝❡ t❤❡♥ ❛ ❧♦t ♦❢ ✐♠♣r♦✈❡♠❡♥ts ❤❛✈❡ ❜❡❡♥
♠❛❞❡✱ ♥❡✈❡rt❤❡❧❡ss ❝♦♥t✐♥✉♦✉s r❡s❡❛r❝❤ ❛♥❞ ✐♠♣r♦✈❡♠❡♥t ✐s ♥❡❝❡ss❛r②✳ ❚❤❡ ♥✉❝❧❡❛r
s❡❝✉r✐t② t❤r❡❛t ❞❡♠❛♥❞s ❣♦✈❡r♥♠❡♥ts t♦ ❛❝t q✉✐❝❦❧② ✐♥ ❝❛s❡ ♦❢ t❤r❡❛t s❝❡♥❛r✐♦s✳ ■♥
s✉♠♠❛r② t❤❡r❡ ❛r❡ ♥✉♠❡r♦✉s r❡q✉✐r❡♠❡♥ts✱ ✐♥❝❧✉❞✐♥❣✶✿

❼ t❤❡ ♥❡❡❞ ❢♦r ❛ ♠♦r❡ ❝♦❤❡r❡♥t ❛♥❞ ❤❛r♠♦♥✐③❡❞ r❡s♣♦♥s❡ ✐♥ ❊✉r♦♣❡ ❛♥❞ ✐♥
t❤❡ ❞✐✛❡r❡♥t st❛❣❡s ♦❢ ❛♥ ❛❝❝✐❞❡♥t ✭✐♥ ♣❛rt✐❝✉❧❛r✱ t♦ ❧✐♠✐t t❤❡ ❧♦ss ♦❢ ♣✉❜❧✐❝
❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ ♠❡❛s✉r❡s t❛❦❡♥ ❜② t❤❡ ❛✉t❤♦r✐t✐❡s ❢♦r t❤❡✐r ♣r♦t❡❝t✐♦♥✮❀

❼ ❡①❝❤❛♥❣❡ ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ❞❛t❛ ✐♥ ❛♥ ❡♠❡r❣❡♥❝② t♦ ❡♥❛❜❧❡ ♥❡✐❣❤❜♦r✐♥❣
❝♦✉♥tr✐❡s t♦ t❛❦❡ ♠♦r❡ t✐♠❡❧② ❛♥❞ ❡✛❡❝t✐✈❡ ❛❝t✐♦♥s❀ ❛♥❞

❼ t❤❡ ♥❡❝❡ss✐t② t♦ ♠❛❦❡ ❜❡tt❡r ✉s❡ ♦❢ ❧✐♠✐t❡❞ t❡❝❤♥✐❝❛❧ r❡s♦✉r❝❡s ❛♥❞ ❛✈♦✐❞
❞✉♣❧✐❝❛t✐♦♥✳

❚❤❡ r❡s❡❛r❝❤ ❣r♦✉♣ ✇❛s ❢♦✉♥❞❡❞ ✐♥ ✶✾✽✾✱ ✐t ❣❛t❤❡rs ✹✵ ✐♥st✐t✉t✐♦♥s ❢r♦♠ ♦✈❡r ✷✵
❝♦✉♥tr✐❡s ✐♥ ❊✉r♦♣❡✳ ❚❤❡ s②st❡♠ ✐s ❞❡s✐❣♥❡❞ t♦ s✉♣♣♦rt ❞❡❝✐s✐♦♥ ♠❛❦❡rs ❜❡❢♦r❡✱
❞✉r✐♥❣ ♦r ❛❢t❡r r❡❧❡❛s❡s ♦❢ r❛❞✐♦❛❝t✐✈✐t② ✐♥t♦ t❤❡ ❡♥✈✐r♦♥♠❡♥t✳ ■t ❝❛♥ ❤❡❧♣ ❞❡t❡r✲
♠✐♥✐♥❣ ❝♦✉♥t❡r♠❡❛s✉r❡s s✉❝❤ ❛s ❡✈❛❝✉❛t✐♦♥✱ s❤❡❧t❡r✐♥❣✱ ✐♦❞✐♥❡ t❛❜❧❡t ❞✐str✐❜✉t✐♦♥
♦r ❢♦♦❞ r❡str✐❝t✐♦♥s✳ ❆ s♣❡❝✐❛❧ ❢❡❛t✉r❡ ✐s t❤❡ ♣❛rt ✑♦♥ t✐♠❡✑✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡r❡ ✐s
❛ ❝♦♥♥❡❝t✐♦♥ ♣♦ss✐❜✐❧✐t② ✇✐t❤ ❧♦❝❛❧ ♠❡t❡♦r♦❧♦❣✐❝❛❧ st❛t✐♦♥s ♦r ✇❡❛t❤❡r ❢♦r❡❝❛sts t♦

✶❚❤❡ ❘❖❉❖❙ ❙②st❡♠✱ ❱❡rs✐♦♥ P❱✻✳✵✱ ♣❛❣❡ ✻ ❬✶✷❪
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❢❡❡❞ t❤❡ ❝✉rr❡♥t ❞❛t❛ ✐♥t♦ t❤❡ s②st❡♠ ❛♥❞ ❤❛✈❡ ♦♥ t✐♠❡ ❛♥❞ ❧♦❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s✳ ■♥
❋✐❣✉r❡ ✹✳✶ t❤❡ ♣r✐♥❝✐♣❧❡ ✐♥♣✉t ♣♦ss✐❜✐❧✐t✐❡s ♦❢ ❘❖❉❖❙ ❛r❡ s❤♦✇♥✳

❋✐❣✉r❡ ✹✳✶✿ Pr✐♥❝✐♣❧❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❛♥❞ ♦♣t✐♦♥s ❢♦r ❘❖❉❖❙ ❬✶✷✱ ♣✳✶✵❪

✹✳✶ ❉❡s✐❣♥ ❛♥❞ ❢❡❛t✉r❡s ♦❢ ❘❖❉❖❙

❚❤❡ ❘❖❉❖❙ ❛r❝❤✐t❡❝t✉r❡ ✐s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤r❡❡ s✉❜s②st❡♠s✱ t❤❛t ❛r❡ ❢❡❞ ❜②
❞❛t❛❜❛s❡s✿ ❚❤❡ ❆♥❛❧②s✐♥❣ ❙✉s❜s②st❡♠✱ t❤❡ ❈♦✉♥t❡r♠❡❛s✉r❡ ❙✉❜s②st❡♠ ❛♥❞ t❤❡
❊✈❛❧✉❛t✐♥❣ ❙✉❜s②st❡♠✳ ■♥ ❋✐❣✉r❡ ✹✳✷ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❞❛t❛❜❛s❡s
❛♥❞ t❤❡ ❡♥❞✉s❡r ✐s s❤♦✇♥✳

❋✐❣✉r❡ ✹✳✷✿ ❉❛t❛❜❛s❡ str✉❝t✉r❡ ♦❢ ❘❖❉❖❙ ❙②st❡♠❬✶✷✱ ♣✳✾❪
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❚❤❡ ❡♥❞✉s❡r ✐s ✢❡①✐❜❧❡ ✐♥ ✐ts ♦♣❡r❛t✐♦♥❛❧ ♠♦❞❡✳ ❚❤❡ ❘❖❉❖❙ ❞❡s✐❣♥❡r ❞❡✈❡❧✲
♦♣❡❞ t✇♦ ❞✐✛❡r❡♥t ♠♦❞❡s ♦❢ ✉s❛❣❡✱ t❤❡ ✐♥t❡r❛❝t✐✈❡ ❛♥❞ t❤❡ ❛✉t♦♠❛t✐❝ ♠♦❞❡✳ ❚❤❡
❛✉t♦♠❛t✐❝ ♠♦❞❡ ✐s ✉s❡❞ ✐❢ t❤❡ ❡♥❞✲✉s❡r ❡♥t❡rs ❛❧❧ ❦♥♦✇♥ ✐♥❢♦r♠❛t✐♦♥ t♦ ♣r❡❞✐❝t
t❤❡ ♣♦ss✐❜❧❡ ❝♦♥s❡q✉❡♥❝❡s ❛t ❛ ❧❛t❡r st❛❣❡✳ ❚❤✐s ♦♣t✐♦♥ ✐s ❧✐♠✐t❡❞ t♦ t❤❡ ❝❧♦s❡r
s✉rr♦✉♥❞✐♥❣ ♦❢ ❛ ♥✉❝❧❡❛r ✐♥st❛❧❧❛t✐♦♥ ✭✉♣ t♦ ✶✻✵ ❜② ✶✻✵ ❦♠ ❛r❡❛✮✳ ❚❤✐s ♠♦❞❡ ✇❛s
❛❧s♦ ❝❤♦s❡♥ ❢♦r t❤✐s ✇♦r❦✱ ❛s t❤❡r❡ ❛r❡ ♥♦ st❛❜❧❡ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ♣r❡❞✐❝t✐♦♥s ❛r❡
♥❡❡❞❡❞✳ ❚❤❡ ✐♥t❡r❛❝t✐✈❡ ♠♦❞❡ ❝♦✈❡rs ❛❧❧ ❝♦♥s❡q✉❡♥❝❡s ✐♥ ✇✐❞❡r ❛r❡❛s✱ ❛♥❞ ❛❧s♦ ✐s
❛♣♣❧✐❡❞ ❛❢t❡r ❛ ❝❡rt❛✐♥ t✐♠❡ s❝❛❧❡ ❛❢t❡r t❤❡ ❛❝❝✐❞❡♥t✳ ■♥ ❋✐❣✉r❡ ✹✳✸ t❤❡ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ t✇♦ ♠♦❞❡s ❛r❡ s❤♦✇♥✳

❋✐❣✉r❡ ✹✳✸✿ ❖♣❡r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ❘❖❉❖❙ ❞❡♣❡♥❞✐♥❣ ♦♥ t✐♠❡ ❛♥❞ ❞✐st❛♥❝❡ t♦ ❡✈❡♥t
♣♦s✐t✐♦♥ ❬✶✷✱ ♣✳✾❪

❘❖❉❖❙ ♦✛❡rs ✹ ♥❡❛r r❛♥❣❡ ♠♦❞❡❧s t♦ ❝❤♦♦s❡ ❢r♦♠✿

❼ ❆❚❙❚❊P✿ t❤✐s ♠♦❞❡❧✱ ❛ ●❛✉ÿ✲♣✉✛ ♠♦❞❡❧ ✇❛s t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞
❜② ❑■❚ ✐♥ ❑❛r❧sr✉❤❡✳ ■t ✐s ♥♦ ❧♦♥❣❡r s✉♣♣♦rt❡❞ ❜② t❤❡ ❞❡✈❡❧♦♣❡rs✳

❼ ❘■▼P❯❋❋✿ t❤✐s ♠♦❞❡❧ ✐s ❛❧s♦ ❛ ●❛✉ÿ✲♣✉✛ ♠♦❞❡❧

❼ ❉■P❈❖❚✿ t❤✐s ♠♦❞❡❧ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❛ ♠♦r❡ ❝♦♠♣❧❡① t❡rr❛✐♥✱ ✐t ✐s ❛ ♣❛rt✐❝❧❡
♠♦❞❡❧ ✭s❡❡ ❝❤❛♣t❡r ✹✳✷✮

❼ ▲❆❙❆❚✿ ✐t ✐s ❛ ▲❛❣r❛♥❣✐❛♥ ♣❛rt✐❝❧❡ ♠♦❞❡❧✱ ✐t ♥❡❡❞s str♦♥❣ s❡r✈❡rs ❛♥❞ ❝❛♥
♦♥❧② ❜❡ ♦♣❡r❛t❡❞ ✇✐t❤ ❛ ❧✐❝❡♥s❡ ✭s❡❡ ❝❤❛♣t❡r ✺✮✳

✷✾

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❚❤❡ ❝❤♦✐❝❡ ❢♦r t❤✐s ✇♦r❦ ❢❡❧❧ t♦ ❉■P❈❖❚✱ ❛s ✐t s❤♦✇❡❞ t❤❡ ♠♦st ❞❡t❛✐❧❡❞ ♣♦ss✐❜✐❧✲
✐t✐❡s t♦ s✐♠✉❧❛t❡ ❛♥❞ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣♦ss✐❜✐❧✐t✐❡s ✇❡r❡ ❤✐❣❤ ❡♥♦✉❣❤ t♦ ♣❡r❢♦r♠
s✐♠✉❧❛t✐♦♥s ✇✐t❤✐♥ ❛ r❡❛❧✐st✐❝ t✐♠❡✳ ❆❧s♦ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ s✐♠✉❧❛t❡ t❤❡ s✉rr♦✉♥❞✲
✐♥❣s ♦❢ t❤❡ r❡❛❝t♦r ✐♥ ❞❡t❛✐❧s✱ t♦ ❢✉rt❤❡r ♣r❡❝✐s❡ t❤❡ ♦✉t❝♦♠❡s✳ ■♥ ❛❧❧ s✐♠✉❧❛t✐♦♥s
t❤❡ ❊♠❡r❣❡♥❝② ▲✐t❡ ♠♦❞❡ ✇❛s ✉s❡❞✳ ❚❤✐s ♠♦❞❡❧ ❝❤❛✐♥ ✐s ❛ s✐♠♣❧❡r ✈❡rs✐♦♥ ♦❢ t❤❡
❊♠❡r❣❡♥❝② ♠♦❞❡❧ ❝❤❛✐♥✱ t❤❛t ✐s ❞❡s✐❣♥❡❞ t♦ ❛ss❡ss t❤❡ r❛❞✐♦❧♦❣✐❝❛❧ s✐t✉❛t✐♦♥ ✉♣
t♦ ✶✵✵✵ ❦♠✱ ✐♥❝❧✉❞✐♥❣ ❝♦✉♥t❡r♠❡❛s✉r❡s✳ ❚❤❡ ❊♠❡r❣❡♥❝② ▲✐t❡ ♠♦❞❡ ✉s❡s t❤❡ s❛♠❡
♠♦❞❡❧ ❝❤❛✐♥s ❜✉t ❤❛s s♦♠❡ r❡❞✉❝❡❞ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❛♥❞ ✉s❡s ❧❡ss ❝♦♠♣✉t❛t✐♦♥❛❧
st♦r❛❣❡ ❛♥❞ t✐♠❡✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t t❤❡ ✉s❡r ❤❛s ♥♦ ♣♦ss✐❜✐❧✐t✐❡s t♦ ✐♥✢✉✲
❡♥❝❡ t❤❡ ❝♦✉♥t❡r♠❡❛s✉r❡ ❛♥❞ ❢♦♦❞ ❝❤❛✐♥ s❡tt✐♥❣s✳ ■♥ ❛❞❞✐t✐♦♥ t❤❡ ♠♦❞❡❧s ❊♠❡r❙✐♠
✭❛ ♠♦❞❡❧ ❢♦r s✐♠✉❧❛t✐♥❣ ❡❛r❧② ❡♠❡r❣❡♥❝② ♠❡❛s✉r❡s ❛♥❞ r❡s✉❧t✐♥❣ ❞♦s❡s ✇✐t❤ ❛♥❞
✇✐t❤♦✉t ❛❝t✐♦♥s✮ ❛♥❞ ❋❉▼❚ ✭❘❖❉❖❙ ❋♦♦❞ ❝❤❛✐♥ ❛♥❞ ❉♦s❡ ▼♦❞❡❧s ❚❡rr❡str✐❛❧✮
r✉♥ ✇✐t❤ ❞❡❢❛✉❧t s❡tt✐♥❣s✳ ❋♦r t❤❡ s❝❡♥❛r✐♦s ❝❤♦s❡♥ ❢♦r t❤✐s ✇♦r❦ ❛♥❞ t❤❡ ❞✐s♣❡rs✐♦♥
❝❛❧❝✉❧❛t✐♦♥s t❤❛t ✇❡r❡ ♣❡r❢♦r♠❡❞✱ t❤❡ ❡♠❡r❣❡♥❝② ♠❡❛s✉r❡s ❛♥❞ ❢♦♦❞ ❝❤❛✐♥ r❡str✐❝✲
t✐♦♥s ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞✱ ❛♥❞ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ♥❡❣❧❡❝t❡❞✳ ❚❤✐s ❧❡❛❞ t♦ t❤❡ ❝❤♦✐❝❡
♦❢ t❤❡ ❊♠❡r❣❡♥❝② ▲✐t❡ ♠♦❞❡❧✳

✹✳✶✳✶ ■♥♣✉t P❛r❛♠❡t❡rs

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

❼ ●❡♥❡r❛❧ ❙❡❧❡❝t✐♦♥s
❋♦r t❤✐s ✇♦r❦ t❤❡ ♠♦❞❡❧ ❝❤❛✐♥ ❊♠❡r❣❡♥❝② ▲✐t❡ ✇❛s ❝❤♦s❡♥✳ ❋✉rt❤❡r t❤❡
❞✐s♣❡rs✐♦♥ ♠♦❞❡❧ ✇❛s s❡t t♦ ❉■P❈❖❚✳

❼ ❙✐t❡ ■♥❢♦r♠❛t✐♦♥
❚❤❡ ✜rst ❡♥tr② ✐♥❢♦r♠❛t✐♦♥ ❛r❡ t❤❡ s✐t❡ ✐♥❢♦r♠❛t✐♦♥✳ ❚❤❡ ✉s❡r ❝❤♦♦s❡s t❤❡ s❝❡✲
♥❛r✐♦ ♦♣t✐♦♥ ✭◆✉❝❧❡❛r P♦✇❡r P❧❛♥t ❛❝❝✐❞❡♥t✱ ♦r ♦t❤❡r ❛❝❝✐❞❡♥t✮✱ ❛♥❞ ❝❤♦♦s❡s
t❤❡ ❝♦✉♥tr② ✇❤❡r❡ t❤❡ ❛❝❝✐❞❡♥t ❤❛♣♣❡♥s✳ ❚❤❡ s❡❝♦♥❞ ✐♥❢♦r♠❛t✐♦♥ ❡♥t❡r❡❞ ✐s
t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s✐t❡✱ ✐♥ ❛ ❣❡♦❣r❛♣❤✐❝ ❝♦♦r❞✐♥❛t❡ s②st❡♠✳ ❆❧s♦ t❤❡ ❝♦✉♥tr②
❢♦r t❤❡ ❝♦✉♥t❡r♠❡❛s✉r❡s ✐s ❝❤♦s❡♥✳

❼ ❙♦✉r❝❡ ❚❡r♠ ■♥❢♦r♠❛t✐♦♥
❘❖❉❖❙ ❤❛s s❡✈❡r❛❧ ♣♦ss✐❜✐❧✐t✐❡s t♦ ❡♥t❡r ❛ s♦✉r❝❡ t❡r♠✳ ❚❤✐s ❝❛♥ ❡✐t❤❡r
❜❡ ❞♦♥❡ ♠❛♥✉❛❧❧② ❜② ❛❞❞✐♥❣ t❤❡ ❞✐✛❡r❡♥t ♥✉❝❧✐❞❡s ✐♥❝❧✉❞✐♥❣ t❤❡ ❛❝t✐✈✐t②
❛t t❤❡ t✐♠❡ ♦❢ t❤❡ r❡❧❡❛s❡ ♦r ✉s✐♥❣ ❛ ❣✐✈❡♥ ❧✐❜r❛r② s♦✉r❝❡ t❡r♠ ❢♦r tr❛✐♥✐♥❣
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❝❛❧❝✉❧❛t✐♦♥s✳ ❘❖❉❖❙ ❤❛s ❛❧s♦ st♦r❡❞ s♦✉r❝❡ t❡r♠s ♦❢ s❡✈❡r❛❧ ◆PPs✱ t♦ ❡♥❛❜❧❡
q✉✐❝❦ ❝❛❧❝✉❧❛t✐♦♥s ✐♥ ❝❛s❡ ♦❢ ❛❝❝✐❞❡♥ts✳ ❚❤❡ t✐♠❡ ❛♥❞ ❞✉r❛t✐♦♥ ♦❢ t❤❡ r❡❧❡❛s❡
❛r❡ s❡t✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ r❡❧❡❛s❡ ❛❧❧ ♥✉❝❧✐❞❡s ❛t t❤❡ s❛♠❡ t✐♠❡✱ ♦r ❛t ❞✐✛❡r❡♥t
t✐♠❡s✳ ❚❤❡ t❤❡r♠❛❧ ♣♦✇❡r ♦❢ t❤❡ ♥✉❝❧❡❛r ♣♦✇❡r ♣❧❛♥t ❛s t❤❡ ♦♣❡r❛t✐♦♥ ❤✐st♦r②
❜❡❢♦r❡ t❤❡ ❛❝❝✐❞❡♥t ✐s ❛❞❞❡❞ ❛s ✇❡❧❧✳ ■❢ t❤❡ ♥✉❝❧✐❞❡s ❛r❡ ❛❞❞❡❞ ♠❛♥✉❛❧❧②✱ t❤❡
❞✉r❛t✐♦♥ ❛♥❞ ❤❡✐❣❤t ♦❢ t❤❡ r❡❧❡❛s❡ ❛r❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs✳ ❚❤❡ ✐♦❞✐♥❡ ❢r❛❝t✐♦♥
♦❢ ♦r❣❛♥✐❝✲✱ ❛❡r♦s♦❧✲ ❛♥❞ ❡❧❡♠❡♥t❛r②✲ ❜♦✉♥❞ ✐♦❞✐♥❡ ❤❛s t♦ ❜❡ s❡t✳ ❚❤❡ ❞❡❢❛✉❧t
✈❛❧✉❡ ✐s ✶✵✵ ✪ ❡❧❡♠❡♥t❛r② ❜♦✉♥❞ ✐♦❞✐♥❡✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧ ♣❛r❛♠❡t❡rs ❛r❡ t❤❡
t❤❡r♠❛❧ ♣♦✇❡r r❡❧❡❛s❡❞✱ t❤❡ ✈❡rt✐❝❛❧❧② r❡❧❡❛s❡❞ ✈♦❧✉♠❡ ✢✉① ❛♥❞ t❤❡ ✈❡♥t ❛r❡❛
♦❢ t❤❡ r❡❧❡❛s❡ t♦ ❛t♠♦s♣❤❡r❡✳

❼ ❲❡❛t❤❡r ■♥❢♦r♠❛t✐♦♥
❆s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❢❡❡❞ ❘❖❉❖❙ ✇✐t❤ ♦♥✲t✐♠❡ ✐♥❢♦r♠❛t✐♦♥
❢r♦♠ ❛ ✇❡❛t❤❡r st❛t✐♦♥✳ ❖t❤❡r✇✐s❡ t❤❡ ✉s❡r ❤❛s t♦ ✐♥♣✉t t❤❡ ❞❛t❛ ♠❛♥✉❛❧❧②✳
❚❤❡ ✐♥❢♦r♠❛t✐♦♥ ♥❡❡❞❡❞ ❛r❡✿

✕ t❤❡ ❜❡❣✐♥ ❛♥❞ ❡♥❞ ♦❢ t❤❡ ✇❡❛t❤❡r ✐♥t❡r✈❛❧

✕ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✐♥ ❞❡❣r❡❡

✕ t❤❡ ✇✐♥❞ ✈❡❧♦❝✐t② ✐♥ ♠✴s ♦r ❦♠✴❤

✕ t❤❡ r❛✐♥ ✐♥t❡♥s✐t② ✐♥ ♠♠✴❤

✕ t❤❡ ❞✐✛✉s✐♦♥ ❝❛t❡❣♦r②

❚❤❡ ❞✐✛✉s✐♦♥ ❝❛t❡❣♦r② ✐s ❡q✉✐✈❛❧❡♥t t♦ t❤❡ P❛sq✉✐❧❧ st❛❜✐❧✐t② ❝❧❛ss❡s✱ ✇✐t❤ ❛
r❛♥❣❡ ❢r♦♠ ❆ t♦ ❋✳ ❚❤❡r❡ ✐s ❛♥ ❛✉t♦♠❛t❡❞ ❝❤❡❝❦ ✐♥ ❘❖❉❖❙ ✐❢ t❤❡ ❣✐✈❡♥
❝♦♥❞✐t✐♦♥s ❛r❡ ♣❧❛✉s✐❜❧❡ ❢♦r t❤❡ ❝❧❛ss✳ ❋♦r t❤✐s ✇♦r❦ t❤❡ ❝❛t❡❣♦r② ❉ ✇❛s
❝❤♦s❡♥✳ ■t ❞❡s❝r✐❜❡s ♥❡✉tr❛❧ ✇❡❛t❤❡r✱ ❝❧♦✉❞❡❞ s❦② ❛t ❛♥② ✇✐♥❞s♣❡❡❞ ✭s❡❡ ❛❧s♦
❝❤❛♣t❡r ✸✳✷✳✸✮✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ❤❡✐❣❤t ♦❢ t❤❡ ✇❡❛t❤❡r ❞❛t❛ ❤❛s ❛❧s♦ t♦ ❜❡
s❡❧❡❝t❡❞✳ ❆t t❤✐s ♣♦✐♥t t❤❡ ✉s❡r ✐s ❛❜❧❡ t♦ ❝❤♦♦s❡ t❤❡ ❧❛♥❞✉s❡ ❛r♦✉♥❞ t❤❡ s✐t❡✱
✇✐t❤ ♠❛①✐♠✉♠ ✇✐❞t❤ ❛♥❞ ❤❡✐❣❤t ♦❢ ❜✉✐❧❞✐♥❣s✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❛rt ✐s
t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣r♦❣♥♦s❡s ✐♥t❡r✈❛❧✱ ✇❤✐❝❤ ✇❛s ❝❤♦s❡♥ t♦ ❜❡ ✷✹ ❤ ❢♦r t❤✐s
✇♦r❦✳

❼ ❘✉♥ ❛♥❞ ❙✉♠♠❛r② ■♥❢♦r♠❛t✐♦♥
❚❤❡ ❧❛st ✐♥♣✉t ♣❛r❛♠❡t❡r ✐s t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❛r❡❛✱ ✐♥❝❧✉❞✐♥❣ t❤❡
❣r✐❞ s✐③❡✳ ❚❤❡ ✉s❡r ✐s ❛❜❧❡ t♦ ❝❤♦♦s❡ ❜❡t✇❡❡♥ ❛ ✷✵ ❦♠ ✉♣ t♦ ✽✵✵ ❦♠ r❛❞✐✉s
❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❋♦r t❤✐s ✇♦r❦ t❤❡ ✈❛❧✉❡ ✇❛s s❡t t♦ ✷✵ ❦♠ ✇✐t❤ ❛ ❣r✐❞
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❝❡❧❧ s✐③❡ ♦❢ ✺✵ ♠✳ ❇❡❢♦r❡ st❛rt✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥ t❤❡ ✉s❡r ❝❛♥ ✈❡r✐❢② ❛❧❧ ✐♥♣✉t
♣❛r❛♠❡t❡rs ✐♥ ❛ s✉♠♠❛r② ❝r❡❛t❡❞ ❜② ❘❖❉❖❙✳

✹✳✷ ❉✐s♣❡rs✐♦♥ ▼♦❞❡❧ ❉■P❈❖❚

❉■P❈❖❚ ✭❉■sP❡rs✐♦♥ ♦✈❡r ❈❖♠♣❧❡① ❚❡rr❛✐♥✮ ✐s ❛ ❝♦♠♣✉t❛t✐♦♥❛❧ ♠♦❞❡❧ ❜❛s❡❞ ♦♥
t❤❡ ▲❛❣r❛♥❣✐❛♥ ❉✐s♣❡rs✐♦♥ ▼♦❞❡❧ ✭s❡❡ ❝❤❛♣t❡r ✸✳✸✳✷✮ ❛♥❞ t❤❡ ♣✉✛ ♠♦❞❡❧ ❢♦r t❤❡
❞✐s♣❡rs✐♦♥ ♦❢ ♣♦❧❧✉t❛♥ts ♦✈❡r ❝♦♠♣❧❡① t❡rr❛✐♥ ❬✷✽❪ ✳ ❚❤✐s ♠♦❞❡❧ ❝❛♥ s✐♠✉❧❛t❡ ❜♦t❤
✐♥ ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ✐♥❤♦♠♦❣❡♥❡♦✉s ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ♣♦❧❧✉t❛♥ts ❛r❡ ❞✐str✐❜✉t❡❞ t♦
✜❝t✐t✐♦✉s ♣✉✛s✳ ❚❤❡ ♣✉✛s ❛r❡ ♣❧❛❝❡❞ ✐♥ t❤❡ ❣r✐❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✇✐♥❞ ✈❡❧♦❝✐t②
❛♥❞ ❛ r❛♥❞♦♠ ❝♦♠♣♦♥❡♥t ✐s ❛❞❞❡❞ ❢♦r t❤❡ t✉r❜✉❧❡♥❝❡✳ ❚❤❡ s♣❛❝✐♦✉s ❛♥❞ t❡♠♣♦r❛❧
❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡s ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✱ ✇✐t❤ t❤✐s t❤❡ ❛✐r ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢
t❤❡ ♣♦❧❧✉t❛♥ts ❛t s♣❡❝✐✜❝ t✐♠❡s ❛♥❞ ♣❧❛❝❡s ✐s ❦♥♦✇♥✳ ❚❤❡ ♣❛rt✐❝❧❡ tr❛❥❡❝t♦r✐❡s ❛r❡
❝❛❧❝✉❧❛t❡❞ ✇✐t❤

xn+1

i = xn
i + (ui + u′

i)∆t ✭✹✳✶✮

✇✐t❤ n t❤❡ t✐♠❡ st❡♣ ✐♥❞❡①✱ i t❤❡ ❈❛rt❡s✐❛♥ ❝♦♦r❞✐♥❛t❡s ❛♥❞ ui t❤❡ ♠❡❛♥ ✇✐♥❞
✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥t ✐♥ ❞✐r❡❝t✐♦♥ i ❛♥❞ u′

i t❤❡ t✉r❜✉❧❡♥t ✈❡❧♦❝✐t② ✢✉❝t✉❛t✐♦♥s✳ ❚❤❡
♦♥❡ ❞✐♠❡♥s✐♦♥❛❧ ▲❛♥❣❡✈✐♥ ❡q✉❛t✐♦♥ ✐s ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ♣❛r❛♠❡t❡r u′

i✿

du′
i = aidt+ bidWi(t) ✭✹✳✷✮

❚❤❡ ♣❛r❛♠❡t❡rs ai r❡♣r❡s❡♥ts t❤❡ ❞r✐❢t t❡r♠✱ bi t❤❡ ❞✐✛✉s✐♦♥ t❡r♠✳ ❚❤❡ ♣❛r❛♠❡t❡r ai
✐s ❞❡t❡r♠✐♥❡❞ t❤r♦✉❣❤ t❤❡ ❝♦♥s✐st❡♥❝② ❜❡t✇❡❡♥ ❊✉❧❡r✐❛♥ ❛♥❞ ▲❛❣r❛♥❣✐❛♥ st❛t✐st✐❝s✿

ai =

[

∂

∂u′
i

(

1

2
b2iPa

)

+ Φi

]

/Pa ✭✹✳✸✮

✇✐t❤ Pa ✐s t❤❡ ❊✉❧❡r✐❛♥ ✈❡❧♦❝✐t② ♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t② ❢✉♥❝t✐♦♥✱ Φi t❤❡ ✳ ❚❤❡ ❞✐✛✉s✐♦♥
t❡r♠ bi ✐s ❝❛❧❝✉❧❛t❡❞ t❤r♦✉❣❤ t❤❡ ❝♦♥s✐st❡♥❝② ✇✐t❤ t❤❡ ❑♦❧♠♦❣♦r♦✈✬s s✐♠✐❧❛r✐t②
t❤❡♦r② t❤r♦✉❣❤ ❝♦♠♣❛r✐♥❣ ✐t ✇✐t❤ ❡q✳ ✹✳✷✳

bi = (2σ2

ui/TLui)
1/2 ✭✹✳✹✮

✇✐t❤ σui t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ✇✐♥❞ ✢✉❝t✉❛t✐♦♥s ❛♥❞ TLui t❤❡ ▲❛❣r❛♥❣✐❛♥
t✐♠❡ s❝❛❧❡✳

✸✷
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✹✳✷✳✶ ❈♦♥❝❡♥tr❛t✐♦♥ ❈❛❧❝✉❧❛t✐♦♥

❉■P❈❖❚ ✐♠♣❧❡♠❡♥ts t✇♦ ♠❡t❤♦❞s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s✿ ❚❤❡
❜♦① ❝♦✉♥t✐♥❣ ♠❡t❤♦❞ ❛♥❞ t❤❡ ❞❡♥s✐t② ❦❡r♥❡❧ ❡st✐♠❛t✐♦♥ ♠❡t❤♦❞✳ ❚❤❡ ✉s❡r ♦❢
❘❖❉❖❙ ✐s ❛❜❧❡ t♦ ❝❤♦s❡ t❤❡ ♣r❡❢❡rr❡❞ ♠❡t❤♦❞✱ t❤❡ st❛♥❞❛r❞ ✐s s❡t t♦ t❤❡ ❦❡r♥❡❧
❞✐str✐❜✉t✐♦♥ ♠❡t❤♦❞✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ❤❡r❡✳ ❚❤✐s ♠❡t❤♦❞ ✇❛s ♣r♦♣♦s❡❞ ❜②
❨❛♠❛❞❛ ❛♥❞ ❇✉♥❦❡r ✐♥ ✶✾✽✽✱ ✐t ❞❡s❝r✐❜❡s t❤❛t ❡❛❝❤ ♣❛rt✐❝❧❡ r❡♣r❡s❡♥ts t❤❡ ❝❡♥tr❡
♦❢ ❛ ♣✉✛✳ ❚❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s t❤❡♥ ❞✐str✐❜✉t❡❞ ✐♥ ❛ ●❛✉ss✐❛♥ ♠❛♥♥❡r ✐♥ t❤r❡❡
❞✐r❡❝t✐♦♥s✳ ❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❛t ❛ ♣♦✐♥t ✭①✱②✱③✮ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠
❛❧❧ ♣❛rt✐❝❧❡ ♣✉✛s ❛r❡ s✉♠♠❡❞✿

✭✹✳✺✮c(x, y, z)

=
1

(2π)2/3

N
∑

i=1

Qi

σxiσyiσzi

exp

[

−
1

2

(xi − x)2

σ2
xi

]

exp

[

−
1

2

(yi − y)2

σ2
yi

]{

exp

[

−
1

2

(zi − z)2

σ2
zi

]

+ exp

[

−
1

2

(zi + z − 2zg)
2

σ2
zi

]}

✇✐t❤ ✭①✱②✱③✮ t❤❡ ♣♦✐♥t ❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ (xi, yi, zi) t❤❡ ♣✉✛ ✐ ❝♦♦r❞✐✲
♥❛t❡s✱ ❛♥❞ (σhi, σzi) t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ ✐✲♣❛rt✐❝❧❡ ♣♦s✐t✐♦♥ ✐♥ ❤♦r✐③♦♥t❛❧
❛♥❞ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥s✳ Qi ✐s t❤❡ ❧♦❛❞ ✲ ♠❡❛♥✐♥❣ t❤❡ r❛❞✐♦❛❝t✐✈✐t② ♦r t❤❡ ♠❛ss ♦❢
t❤❡ ♣✉✛✱ zg ✐s t❤❡ ❣r♦✉♥❞ ❤❡✐❣❤t ❛t ✭①✱②✮✳
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✺ ▲❆❙❆■❘

❚♦ ❛❝❤✐❡✈❡ ❛ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❞❛t❛✱ ❛ s❡❝♦♥❞ t♦♦❧ ❢♦r ❝♦♠♣❛r✐s♦♥s✱ t❤❡ s✐♠✉❧❛t✐♦♥
t♦♦❧ ▲❆❙❆■❘ ✇❛s ❝❤♦s❡♥✳ ❚❤❡ ❛❝r♦♥②♠ st❛♥❞s ❢♦r ▲❛❣r❛♥❣s❝❤❡ ❙✐♠✉❧❛t✐♦♥ ❞❡r
❆✉s❜r❡✐t✉♥❣ ✉♥❞ ■♥❤❛❧❛t✐♦♥ ✈♦♥ ❘❛❞✐♦♥✉❦❧✐❞❡♥ ✭▲❛❣r❛♥❣✐❛♥ ❙✐♠✉❧❛t✐♦♥s ♦❢ ❞✐s✲
♣❡rs✐♦♥ ❛♥❞ ✐♥❤❛❧❛t✐♦♥ ♦❢ r❛❞✐♦♥✉❝❧✐❞❡s✮✳ ■t ✇❛s ❞❡✈❡❧♦♣❡❞ ❛s ❛ ❣r❛♣❤✐❝❛❧ t♦♦❧ ❢♦r
t❤❡ ♠♦❞❡❧✐♥❣ ❝❤❛✐♥ ▲❆❙❆❚ ✭s❡❡ ❝❤❛♣t❡r ✸✳✸✳✷✮✳ ■t ✐s ♠❛✐♥❧② ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡
❝♦♥s❡q✉❡♥❝❡s ❛❢t❡r ❡①♣❧♦s✐♦♥ s❝❡♥❛r✐♦s ♦r ✜r❡s✳ ❚❤❡ ❜✐❣❣❡st ❞✐✛❡r❡♥❝❡ t♦ ❘❖❉❖❙
✐s t❤❡ s♠❛❧❧❡r ♣♦ss✐❜❧❡ ❣r✐❞ s✐③❡✱ ❜✉t t❤❡ ❧❡ss❡r ✈❛r✐❛t✐♦♥ ♣♦ss✐❜✐❧✐t② ✐♥ t❡r♠s ♦❢
s♦✉r❝❡ t❡r♠ ❛♥❞ ♠❡t❡♦r♦❧♦❣②✳ ▲❆❙❆■❘ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ ✷✵✵✶ ♦♥ ❜❡❤❛❧❢ ♦❢ t❤❡
●❡r♠❛♥ ❋❡❞❡r❛❧ ❖✣❝❡ ❢♦r ❘❛❞✐❛t✐♦♥ Pr♦t❡❝t✐♦♥✳

✺✳✶ ❋❡❛t✉r❡s ♦❢ ▲❆❙❆■❘

❚❤❡ ❛✐♠ ♦❢ t❤❡ ♠♦❞❡❧ ▲❆❙❆■❘ ✐s t♦ ❡❛s✐❧② ❛♥❞ r❛♣✐❞❧② s✐♠✉❧❛t❡ t❤❡ ❛t♠♦s♣❤❡r✐❝
❞✐s♣❡rs✐♦♥ ♦❢ r❛❞✐♦❛❝t✐✈❡ s✉❜st❛♥❝❡s ✇✐t❤ ❛ ❞✐❛❣♥♦st✐❝ ✇✐♥❞✜❡❧❞ ♠♦❞❡❧ ✐♥ ❝♦♠❜✐✲
♥❛t✐♦♥ ✇✐t❤ ❛ ▲❛❣r❛♥❣✐❛♥ ♣❛rt✐❝❧❡ ♠♦❞❡❧ ✭s❡❡ ❬✸✺❪✮✳ ❚❤❡ ❡①♣♦s✉r❡ ❛♥❞ ♣♦t❡♥t✐❛❧
❞♦s❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ✐♥ ❛ s❡❝♦♥❞ st❡♣✳ ❚❤❡ ✐♥♣✉t ❞❛t❛ ❝♦♥t❛✐♥ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛
❛s

❼ t❤❡ ✇✐♥❞ s♣❡❡❞

❼ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❛♥❞

❼ t❤❡ st❛❜✐❧✐t② ❝❧❛ss

❆❞❞✐t✐♦♥❛❧❧② ✐t ❣✐✈❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ r❡❧❡❛s❡ ✭s❤♦rt t❡r♠ ♦r ❝♦♥t✐♥✉♦✉s r❡❧❡❛s❡✮
❛♥❞ t❤❡ ♣r♦❣r❛♠ ♣r♦✈✐❞❡s t❤❡ t♦♣♦❣r❛♣❤②✱ s✉❝❤ ❛s t❤❡ ✐♥❞✐✈✐❞✉❛❧ r♦✉❣❤♥❡ss ❧❡♥❣t❤✳
❚❤❡ ▲❆❙❆■❘ ♦✉t♣✉t ❣✐✈❡s

❼ ❘❛❞✐♦♥✉❝❧✐❞❡ ✐♥❢♦r♠❛t✐♦♥
✉♣ t♦ ✺ ♥✉❝❧✐❞❡s✱ t❤❡ ❛❝t✐✈✐t② ✐♥ t❤❡ ❜❛s❡ ❧❛②❡r✱ t❤❡ ❞❡♣♦s✐t✐♦♥ ♦♥ t❤❡ s✉r❢❛❝❡

✸✹
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✭t❤✐s ✐s t❤❡ ♦♥❧② ♣❛r❛♠❡t❡r t♦ ✐♥❝❧✉❞❡ r❛✐♥ r❛t❡s ✲ ❛♥❞ ♦♥❧② ❛♥ ❛✈❡r❛❣❡ t❡r♠✮
❛♥❞ t❤❡ ❝❧♦✉❞ ❛rr✐✈❛❧ t✐♠❡✳

❼ ❊①♣♦s✐t✐♦♥
❤❡r❡ ✐♥❢♦r♠❛t✐♦♥ ❛r❡ ❣✐✈❡♥ s✉❝❤ ❛s ✐♥❤❛❧❛t✐♦♥✱ ❣r♦✉♥❞✲s❤✐♥❡ ❛♥❞ t❤❡ ❝❧♦✉❞✲
s❤✐♥❡

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

✺✳✷ ❉✐s♣❡rs✐♦♥ ▼♦❞❡❧ ▲❆❙❆❚

❚❤❡ ♠♦❞❡❧ ❝❛❧❝✉❧❛t❡s t❤❡ ❞✐s♣❡rs✐♦♥ ♦❢ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❛t♠♦s♣❤❡r❡✳ ▲❆❙❆❚
✭▲❆❣r❛♥❣❡✲❙✐♠✉❧❛t✐♦♥ ✈♦♥ ❆❡r♦s♦❧✲❚r❛♥s♣♦rt ✲ ▲❛❣r❛♥❣✐❛♥ ❙✐♠✉❧❛t✐♦♥ ♦❢ ❆❡r♦s♦❧
❚r❛♥s♣♦rt✮ ✐s ❛ ▲❛❣r❛♥❣✐❛♥ s✐♠✉❧❛t✐♦♥ ♠♦❞❡❧ ✭s❡❡ ✸✳✸✳✷✮ t❤❛t ❝❛❧❝✉❧❛t❡s ❢♦r ❛ ❣r♦✉♣
♦❢ r❡♣r❡s❡♥t❛t✐✈❡ ♣❛rt✐❝❧❡s t❤❡✐r ❞✐s♣❡rs✐♦♥ ✐♥ t❤❡ ❛t♠♦s♣❤❡r❡✳ ❆ r❛♥❞♦♠ ♣r♦❝❡ss
✐♥✐t✐❛t❡s t❤✐s s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ♠♦❞❡❧ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ✶✾✽✵s✱ s✐♥❝❡ ✶✾✾✵ ✐ts
❛♥ ♦♣❡♥ s♦❢t✇❛r❡ t♦♦❧✳ ■t ❝❛♥ s✐♠✉❧❛t❡ t❤❡ ❞✐s♣❡rs✐♦♥ ✉♣ t♦ ✷✵✵✵ ♠ ✐♥t♦ t❤❡ ❛t✲
♠♦s♣❤❡r❡✱ ✐♥ ❧♦❝❛❧ ❛♥❞ r❡❣✐♦♥❛❧ ❛r❡❛s✱ ✉♣ t♦ ✷✵✵ ❦♠❬✸✹❪✳ ▲❆❙❆❚ ✐s ❜❛s❡❞ ♦♥ t❤❡
▲❛❣r❛♥❣✐❛♥ ♣❛rt✐❝❧❡ ♠♦❞❡❧ ❞❡s❝r✐❜❡❞ ✐♥ ❱❉■ ✸✾✹✺✱ s❤❡❡t ✸✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t✐♠❡✱
✐t s✐♠✉❧❛t❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦❝❡❞✉r❡s✿

❼ tr❛♥s♣♦rt t❤r♦✉❣❤ ❛✈❡r❛❣❡ ✇✐♥❞

❼ ❞✐s♣❡rs✐♦♥ ✐♥ ❛t♠♦s♣❤❡r❡

❼ s❡❞✐♠❡♥t❛t✐♦♥ ♦❢ ❤❡❛✈② ❛❡r♦s♦❧s

❼ ❞❡♣♦s✐t✐♦♥ ♦♥ s♦✐❧ ✭❞r② ❞❡♣♦s✐t✐♦♥✮

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

❼ ❝❤❡♠✐❝❛❧ ❝❤❛♥❣❡ ♦❢ ✜rst ♦r❞❡r

✺✳✸ ❙✉♠♠❛r②

❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❜♦t❤ s✐♠✉❧❛t✐♦♥ t♦♦❧s ✐s t❤❡ ♦r✐❣✐♥❛❧ ✐♥t❡♥t✳
❘❖❉❖❙ ❝❛♥ ❜❡ ✉s❡❞ ♦♥✲t✐♠❡ ✇✐t❤ ❧✐✈❡ ❞❛t❛ t♦ s✐♠✉❧❛t❡ ❝♦♠♣❧❡① s❝❡♥❛r✐♦s✱ ❛s ◆PP
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❛❝❝✐❞❡♥ts✳ ▲❆❙❆■❘ ✐s ✐♥t❡♥❞❡❞ t♦ s✐♠✉❧❛t❡ s♠❛❧❧❡r ❡✈❡♥ts✳ ❚❤❡ ❚❘■●❆ r❡❛❝t♦r
s❝❡♥❛r✐♦s ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ❛s s♠❛❧❧ ❡✈❡♥ts ✭❧♦♦❦✐♥❣ ❛t t❤❡ s♦✉r❝❡ t❡r♠ ❛♥❞ t❤❡
♦✉t❝♦♠❡✮✱ ❤❡♥❝❡ t❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ t♦♦❧s ✐s ✈❛❧✐❞✳ ◆❡✈❡rt❤❡❧❡ss✱ ▲❆❙❆■❘
♦✛❡rs ❛ s♠❛❧❧❡r r❛♥❣❡ ♦❢ ♣❛r❛♠❡t❡rs t❤❛t ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ ❜② t❤❡ ✉s❡r✳ ❈♦♠♣❛r✐♥❣
t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ✐♥♣✉t ♣❛r❛♠❡t❡rs✱ ❘❖❉❖❙ ❤❛s ♠♦r❡ ♣♦ss✐❜✐❧✐t✐❡s t♦ s✐♠✉❧❛t❡
t❤❡ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s✱ ❡s♣❡❝✐❛❧❧② ✇✐t❤ r❡❣❛r❞s t♦ t❤❡ ♣r❡❝✐♣✐t❛t✐♦♥✳ ▲❆❙❆■❘ ❞♦❡s
♥♦t t❛❦❡ ♣r❡❝✐♣✐t❛t✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r ✐ts ♠❡t❡♦r♦❧♦❣✐❝❛❧ s✐♠✉❧❛t✐♦♥✳ Pr❡❝✐♣✐t❛t✐♦♥
✐s ♦♥❧② t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r ❛ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ♦♥ t❤❡ ❣r♦✉♥❞✱ ❜✉t ♥♦t
❢♦r ❞♦s❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❆s t❤✐s ✇♦r❦ ❝♦♠♣❛r❡s ❣❛♠♠❛ ❧✐❢❡ t✐♠❡ ❞♦s❡s✱ t❤❡ r❡s✉❧ts
✇✐❧❧ ✈❛r② ❞✉❡ t♦ t❤✐s ❢❡❛t✉r❡✳ ❘❖❉❖❙ ❞♦❡s t❛❦❡ ♣r❡❝✐♣✐t❛t✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t✱ ❛❧❧
r❡s✉❧ts ✭❛❧s♦ ❣❛♠♠❛ ❧✐❢❡ t✐♠❡ ❞♦s❡✮ ✐♥❝❧✉❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ❞❛t❛ ✭♥♦t ❛✈❡r❛❣❡❞✮✳
■♥ ❛❞❞✐t✐♦♥ ▲❆❙❆■❘ ♦♥❧② t❛❦❡ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛ ❞✉r✐♥❣ t❤❡ r❡❧❡❛s❡ ✐♥t♦
❛❝❝♦✉♥t✳ ❘❖❉❖❙ t❛❦❡s t❤❡ ❞❛t❛ ❞✉r✐♥❣ ❛♥❞ ❛❢t❡r t❤❡ r❡❧❡❛s❡ ❢♦r t❤❡ ♣r❡❞✐❝t✐♦♥
t✐♠❡ ✐♥t♦ ❛❝❝♦✉♥t✳ ❚❤❡ s♦✉r❝❡ t❡r♠ ❞❛t❛ ❛❧s♦ s❤♦✇ ❜✐❣ ❞✐✛❡r❡♥❝❡s✿ ❘❖❉❖❙ ✐s
❛❜❧❡ t♦ ✐♥❝❧✉❞❡ ❛s ♠❛♥② ♥✉❝❧✐❞❡s ❛s ♥❡❡❞❡❞✱ ▲❆❙❆■❘ ♦♥❧② ❛❧❧♦✇s ✜✈❡ ♥✉❝❧✐❞❡s✳
❘❖❉❖❙ ❛❧❧♦✇s ♥✉❝❧✐❞❡s t♦ ❜❡ ❡♠✐tt❡❞ ❛t ❞✐✛❡r❡♥t t✐♠❡ st❡♣s✱ t❤✐s ✐s ♥♦t ♣♦ss✐❜❧❡
✇✐t❤ ▲❆❙❆■❘✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ❛r❡❛ ✐s ♠♦r❡ ❞❡t❛✐❧❡❞ ❢♦r ▲❆❙❆■❘✱ st❛rt✐♥❣ ❛t ❛ ❣r✐❞
s✐③❡ ♦❢ ✺ ♠✱ ✶✵ ♠ ♦r ✷✵ ♠✱ ✇❤✐❧❡ ❘❖❉❖❙ st❛rts ❛t ✺✵ ♠ ❣r✐❞ s✐③❡✳
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✻ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❉❛t❛

❚❤❡ ❆t♦♠✐♥st✐t✉t ♣♦ss❡ss❡s ✐ts ♦✇♥ ✇❡❛t❤❡r st❛t✐♦♥✳ ■t ✇❛s t❤❡r❡❢♦r❡ ❢❡❛s✐❜❧❡ t♦ ✉s❡
♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛ ❢r♦♠ t❤✐s st❛t✐♦♥ t♦ ♣❡r❢♦r♠ t❤❡ ❞❡s❝r✐❜❡❞ ✇♦r❦✳ ❚❤❡ ✇❡❛t❤❡r
st❛t✐♦♥ ✐s ✐♥ ♦♣❡r❛t✐♦♥ s✐♥❝❡ ✷✵✵✾✳ ❚❤❡ st❛t✐♦♥ ✐s ❛❧s♦ ✉s❡❞ ✐♥s✐❞❡ t❤❡ r❡❛❝t♦r ❤❛❧❧
❢♦r t❤❡ s❛♠♣❧✐♥❣ ♦❢ ❞❛t❛ ❧✐❦❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤✉♠✐❞✐t② ✐♥s✐❞❡✳

✻✳✶ ❈❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ st❛t✐♦♥

❚❤❡ st❛t✐♦♥ ❝♦❧❧❡❝ts ✸✸ ♣❛r❛♠❡t❡rs ❡✈❡r② ✶✵ ♠✐♥✉t❡s✳ ❇❡s✐❞❡s t❤❡ ♣❛r❛♠❡t❡rs t❤❛t
❛r❡ ♠❡❛s✉r❡❞ ✐♥s✐❞❡ t❤❡ ❤❛❧❧✱ ❛❧❧ ♦t❤❡r ♣❛r❛♠❡t❡rs ❛r❡ ❝♦❧❧❡❝t❡❞ ♦♥ t❤❡ r♦♦❢t♦♣
♦❢ t❤❡ ✐♥st✐t✉t❡✳ ❆ ♣❤♦t♦✈♦❧t❛✐❝ ❝❡❧❧ ✐s ✉s❡❞ t♦ ♣♦✇❡r t❤❡ st❛t✐♦♥✳ ❚❤✐s ❝❛♥ ❧❡❛❞
t♦ s❛♠♣❧❡ ❢❛✐❧✉r❡s ❞✉r✐♥❣ ❧♦♥❣❡r ♣❡r✐♦❞s ✇✐t❤♦✉t s✉♥✳ ■♥ ❋✐❣✉r❡ ✻✳✶ t❤❡ ✇❡❛t❤❡r
st❛t✐♦♥ ✐s s❤♦✇♥✳

❋✐❣✉r❡ ✻✳✶✿ ❲❡❛t❤❡r st❛t✐♦♥ ♦♥ t❤❡ r♦♦❢ ♦❢ t❤❡ ■♥st✐t✉t❡

■♥ ❚❛❜❧❡ ✻✳✶ t❤❡ ♣❛r❛♠❡t❡rs ♠❡❛s✉r❡❞ ❜② t❤❡ st❛t✐♦♥ ❛r❡ s❤♦✇♥✳
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P❛r❛♠❡t❡ ◆❛♠❡ ❊①♣❧❛♥❛t✐♦♥
❉❛t❡ ▼❡❛s✉r❡♠❡♥t ❉❛t❡
❚✐♠❡ ▼❡❛s✉r❡♠❡♥t ❚✐♠❡
❚❡♠♣ ♦✉t ❚❤❡ t❡♠♣❡r❛t✉r❡ r❡t✉r♥❡❞
❍✐ ❚❡♠♣ ❤✐❣❤❡st ♠❡❛s✉r❡❞ t❡♠♣❡r❛t✉r❡
❧♦✇ ❚❡♠♣ ❧♦✇❡st ♠❡❛s✉r❡❞ t❡♠♣❡r❛t✉r❡
❖✉t ❍✉♠ r❡❧❛t✐✈❡ ❍✉♠✐❞✐t② r❡t✉r♥❡❞
❉❡✇ ♣t
❲✐♥❞ s♣❡❡❞ ❲✐♥❞ s♣❡❡❞
❲✐♥❞ ❉✐r ❲✐♥❞ ❞✐r❡❝t✐♦♥
❲✐♥❞ ❘✉♥
❍✐ ❙♣❡❡❞ ❤✐❣❤❡st ♠❡❛s✉r❡❞ ✇✐♥❞ s♣❡❡❞
❤✐ ❉✐r ❤✐❣❤❡st ♠❡❛s✉r❡❞ ❞✐r❡❝t✐♦♥
❲✐♥❞ ❈❤✐❧❧
❍❡❛t ■♥❞❡①
❚❍❲ ■♥❞❡①
❚❍❙❲ ■♥❞❡①
❲✐♥❞ s♣❡❡❞
❘❛✐♥ ❘❛✐♥ ✐♥ ♠♠
❘❛✐♥ ❘❛t❡
❙♦❧❛r ❘❛❞ ❙♦❧❛r ❘❛❞✐❛t✐♦♥
❙♦❧❛r ❊♥❡r❣②
❍✐ ❙♦❧❛r ❘❛❞
❍❡❛t ❉✲❉
❈♦♦❧ ❉✲❉
■♥ ❚❡♠♣ ❚❡♠♣❡r❛t✉r❡ ✐♥s✐❞❡
■♥ ❍✉♠ ❍✉♠✐❞✐t② ✐♥s✐❞❡
■♥ ❉❡✇
■♥ ❍❡❛t
❊❚
❲✐♥❞ ❙❛♠♣
❲✐♥❞ ❚①
■❙❙ ❘❡❝❡♣t
❆r❝✳ ■♥t

❚❛❜❧❡ ✻✳✶✿ ▼❡t❡r❡♦❧♦❣✐❝❛❧ ❉❛t❛ ♣♦✐♥ts ❢r♦♠ t❤❡ ❆❚■ ✇❡❛t❤❡r st❛t✐♦♥ ❛♥❞ ✐ts ❡①♣❧❛✲
♥❛t✐♦♥s

❚❤❡ ❞❛t❛ ❢♦r t❤✐s ✇♦r❦ ✇❡r❡ t❛❦❡♥ ❢r♦♠ t❤❡ ②❡❛rs ✷✵✶✵ t✐❧❧ ✷✵✶✸ ❛♥❞ ❡✈❛❧✉❛t❡❞✳
❘❖❉❖❙ ❛♥❞ ▲❆❙❆■❘ ♥❡❡❞ ♦♥❧② ❛ s♠❛❧❧ s❡t ♦❢ ❞❛t❛ ❢♦r ♣❡r❢♦r♠✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥s✱
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✇❤✐❝❤ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❲✐♥❞ ❞✐r❡❝t✐♦♥ ✐♥ ❞❡❣r❡❡s

❼ ❲✐♥❞ s♣❡❡❞ ✐♥ m/s

❼ ❘❛✐♥ ♣❡r ❤♦✉r ✐♥ ♠♠

❼ ❙t❛❜✐❧✐t② ❝❧❛ss

✻✳✷ ❲❡❛t❤❡r s❝❡♥❛r✐♦s

■♥ t❤❡ s✉❜s❡q✉❡♥t ✇♦r❦✱ ❍❛②❞♥ ✭s❡❡ ❬✺❪✮ ❧♦♦❦❡❞ ♦♥❧② ❛t ❛♥ ❛✈❡r❛❣❡ ✇❡❛t❤❡r s❝❡♥❛r✐♦✳
❚❤✐s ✇♦r❦ ❤❛s ♥♦✇ ❛ ❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤ ✲ ✐t ❧♦♦❦s ❛t s♣❡❝✐✜❝ ✇❡❛t❤❡r
s❝❡♥❛r✐♦s t❤❛t ♦❝❝✉r ❞✉r✐♥❣ ❛ ②❡❛r✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s t❤♦s❡ s❝❡♥❛r✐♦s ❛r❡
❞❡s❝r✐❜❡❞✱ t❤❡s❡ ❛r❡ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✿

✶✳ ❙♣r✐♥❣ ❞❛②

✷✳ ❙✉♠♠❡r ❞❛②

✸✳ ❆✉t✉♠♥ ❞❛②

✹✳ ❲✐♥t❡r ❞❛②

❛♥❞ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✿

✶✳ ❍♦t ❞❛②

✷✳ ❋♦❣❣② ❞❛②

✸✳ ❚❤✉♥❞❡rst♦r♠ ❞❛②

❆❧❧ s❝❡♥❛r✐♦s ✇❡r❡ t❛❦❡♥ ❢♦r ❛ ✷✹ ❤ s✐♠✉❧❛t✐♦♥ ♣❡r✐♦❞ ✇✐t❤ ❘❖❉❖❙ ❛♥❞ ❢♦r ✶ ❤
✇✐t❤ ▲❆❙❆■❘✳ ❚❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s ✉s❡ ♠❡❛♥ ✈❛❧✉❡s ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ✐♥♣✉t ✐♥
❘❖❉❖❙✱ s❡❡ ❇❡r❣❡r ❬✾❪✳ ❋♦r t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❇❡r❣❡r ❬✾❪ ❝❤♦s❡ ❞❛t❛ ❢r♦♠ t❤r❡❡
✐♥❞✐✈✐❞✉❛❧ ❞❛②s ✇✐t❤♦✉t ❛✈❡r❛❣✐♥❣ t❤❡ ❞❛t❛✳ ❋♦r s✐♠✉❧❛t✐♦♥ ✇✐t❤ ▲❆❙❆■❘ t❤❡s❡
❞❛t❛ ❤❛❞ t♦ ❜❡ ❢✉rt❤❡r ❛❞❛♣t❡❞ ✭s❡❡ ❝❤❛♣t❡r ✻✳✷✳✾✮✳
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✻✳✷✳✶ Pr❡♣❛r❛t✐♦♥ ♦❢ ✇❡❛t❤❡r ❞❛t❛

■♥ ♦r❞❡r t♦ ❜❡ ❛❜❧❡ t♦ ✉s❡ t❤❡ ✇❡❛t❤❡r ❞❛t❛ ♣r♦✈✐❞❡❞ ❜② t❤❡ ✇❡❛t❤❡r st❛t✐♦♥✱ ✐t
✇❛s ♥❡❝❡ss❛r② t♦ ♣❡r❢♦r♠ ❝♦rr❡❝t✐♦♥s✳ ■♥ ♣r❡✈✐♦✉s ✇♦r❦s ✭s❡❡ ❬✾❪✮ t❤✐s ✇❛s st❛rt❡❞✱
❜✉t ✇❤✐❧❡ ❧♦♦❦✐♥❣ ❛t t❤❡ ♦✉t♣✉t ✐t ✇❛s ❢♦✉♥❞ ♦✉t t❤❛t t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ✇❡r❡ ♥♦t
t❤♦r♦✉❣❤❧② ♣❡r❢♦r♠❡❞✳ ❚❤❡ ✇✐♥❞ s♣❡❡❞ ❞❛t❛ ❛♥❞ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❞❛t❛ ✇❡r❡
✐♥❝♦rr❡❝t✱ ❛♥❞ ❤❡♥❝❡ r❡✲❡✈❛❧✉❛t❡❞ ❢♦r t❤✐s ✇♦r❦✳ ❙♦ t❤❡ r❛✇ ❞❛t❛ ✇❡r❡ t❛❦❡♥ ❛♥❞
❛♥❛❧②③❡❞✳ ❇❡r❣❡r ❬✾❪ ❞❡s❝r✐❜❡s t❤❡ ♠❛❧❢✉♥❝t✐♦♥s ♦❢ t❤❡ s②st❡♠✳ ❇❡r❣❡r ❞✐❞ ❛ r❡✲
s❡❛r❝❤ ♦♥ t❤❡ s♣❡❝✐✜❝ ❞❛t❡s ❢♦r t❤❡ s❝❡♥❛r✐♦s✱ ✇❤✐❝❤ ✇❛s ❧❛t❡r ♦♥ t❤❡ ❜❛s❡s ❢♦r t❤❡
❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡ st❛t✐♦♥ ❞❡❧✐✈❡rs ❛ ✈❛❧✉❡ ❢♦r ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ♣♦✐♥t ❡✈❡r② t❡♥
♠✐♥✉t❡s✳ ❚♦ ❣❛✐♥ ❛✈❡r❛❣❡ ❞❛t❛ ♦✈❡r s♣❡❝✐✜❝ t✐♠❡ ♣❡r✐♦❞s✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❛❧❝✉❧❛✲
t✐♦♥s ❤❛❞ t♦ ❜❡ ♠❛❞❡✿ ❋♦r t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ ✇✐♥❞ s♣❡❡❞ t❤❡ ♠❡❛♥ ✈❛❧✉❡
♦✈❡r t❤❡ s♣❡❝✐✜❝ t✐♠❡ ♣❡r✐♦❞ ✇❛s t❛❦❡♥✳ ❋♦r t❤❡ r❛✐♥ r❛t❡✱ ♦✈❡r ♦♥❡ ✶ ❤♦✉r t❤❡
✈❛❧✉❡s ✇❡r❡ s✉♠♠❡❞ ✉♣✳ ❚❤❡♥ t❤❡ ❛✈❡r❛❣❡ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ❤♦✉r✱ ❛s ❢♦r t❤❡
✇✐♥❞ s♣❡❡❞ ❛♥❞ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✈❛❧✉❡s✳ ❚♦ s❤♦✇ t❤❡ ♠❛✐♥ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✐s s❧✐❣❤t❧②
✈❛r✐❛t✐♥❣ ❜❡t✇❡❡♥ t❤❡ s❡❛s♦♥s✱ ✇✐♥❞r♦s❡s ✇❡r❡ ❞r❛✇♥ ❢♦r ❡❛❝❤ s❡❛s♦♥ ❢♦r t❤❡ ②❡❛rs
✷✵✶✷ ❛♥❞ ✷✵✶✸✳ ❚❤❡② ❛r❡ s❤♦✇♥ ❜❡❧♦✇✳

✻✳✷✳✷ ❙♣r✐♥❣ ❞❛②

❋♦r t❤❡ s♣r✐♥❣ ❝❛❧❝✉❧❛t✐♦♥s t❤❡ ✇♦r❦ ❢r♦♠ ❇❡r❣❡r ✭s❡❡ ❬✾❪✮ ✇❛s t❛❦❡♥✳ ❚❤❡ ❛✈✲
❡r❛❣❡ s♣r✐♥❣ ❞❛② ❤❡ ❝❛❧❝✉❧❛t❡❞ ✇❛s ❝♦rr❡❝t❡❞ ❛♥❞ ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡
❝♦rr❡❝t✐♦♥s ✐♥❝❧✉❞❡❞ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ ✇✐♥❞ s♣❡❡❞✳ ❋✐❣✉r❡s ✻✳✷ ❛♥❞ ✻✳✸
s❤♦✇ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥s ♦✈❡r s♣r✐♥❣ t✐♠❡ ❞✉r✐♥❣ ✷✵✶✷ ❛♥❞ ✷✵✶✸✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥s
✇❡r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ r❛✇ ❞❛t❛ ♦❢ t❤❡ ✇❡❛t❤❡r st❛t✐♦♥ ❞❛t❛✳ ❚❛❜❧❡ ✻✳✷ s❤♦✇s
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✐♥ t❤❡ ❞✐s♣❡rs✐♦♥ ❝❛❧❝✉❧❛t✐♦♥✳ ❚♦ ❢✉❧✜❧❧ t❤❡ ▲❆❙❆■❘ r❡q✉✐r❡♠❡♥ts✱ t❤❡ ❛❜♦✈❡ ❞❛t❛
✭s❡❡ ❚❛❜❧❡ ✻✳✷ t♦ ✻✳✽✮ ❤❛❞ t♦ ❜❡ ❛❞❛♣t❡❞✳ ❚❤❡ ♠❡❛♥ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✇❛s ❝❛❧❝✉❧❛t❡❞
✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ❬✷✾❪✿

α = atan(

∑

sinα
∑

cosα
) ✭✻✳✶✮

✇✐t❤ α ❜❡✐♥❣ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✐♥ ❞❡❣r❡❡✱ ❛♥❞ α t❤❡ ♠❡❛♥ ✇✐♥❞ ❞✐r❡❝t✐♦♥✳ ■♥
❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♦✉t❝♦♠❡ ♦❢ t❤❡ s✉♠ ♦❢ s✐♥❡ ❛♥❞ s✉♠ ♦❢ ❝♦s✐♥❡✱ t❤❡ ❛♥❣❧❡ α ❤❛s
t♦ ❜❡ ❛♠❡♥❞❡❞✿ ✐❢ t❤❡ s✉♠ ♦❢ t❤❡ s✐♥❡ ❛♥❞ ❝♦s✐♥❡ ✐s ♣♦s✐t✐✈❡✱ ♥♦t ❝♦rr❡❝t✐♦♥ ✐s
♥❡❝❡ss❛r②✳ ■❢ t❤❡ s✉♠ ♦❢ s✐♥❡ ✐s ♣♦s✐t✐✈❡ ❛♥❞ t❤❡ s✉♠ ♦❢ ❝♦s✐♥❡ ✐s ♥❡❣❛t✐✈❡✱ t❤❡
❝♦rr❡❝t ♠❡❛♥ ❛♥❣❧❡ ✐s 180 − α✳ ■❢ t❤❡ s✉♠ ♦❢ t❤❡ s✐♥❡ ✐s ♥❡❣❛t✐✈❡ ❛♥❞ t❤❡ s✉♠ ♦❢
t❤❡ ❝♦s✐♥❡ ❛s ✇❡❧❧✱ t❤❡ ❝♦rr❡❝t ♠❡❛♥ ❛♥❣❧❡ ✐s 180 + α✳ ■❢ t❤❡ s✉♠ ♦❢ t❤❡ s✐♥❡ ✐s
♥❡❣❛t✐✈❡ ❛♥❞ t❤❡ s✉♠ ♦❢ t❤❡ ❝♦s✐♥❡ ✐s ♣♦s✐t✐✈❡✱ t❤❡ ❝♦rr❡❝t ♠❡❛♥ ❛♥❣❧❡ ✐s 360 − α

❬✷✾❪✳ ❚❤✐s ❝❛❧❝✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ❛❧❧ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ s❝❡♥❛r✐♦s ❡①❝❡♣t
t❤❡ ❚❤✉♥❞❡rst♦r♠ s❝❡♥❛r✐♦✳ ❍❡r❡✱ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥✱ t❤❡ ✇✐♥❞ s♣❡❡❞ ❛♥❞ r❛✐♥
r❛t❡ ❛t t❤❡ t✐♠❡ ♦❢ t❤❡ t❤✉♥❞❡rst♦r♠ ✇❡r❡ t❛❦❡♥✱ ❛♥❞ ♥♦t t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡s✳
❚❤❡ ♠✐♥✐♠✉♠ ✇✐♥❞ s♣❡❡❞ ✐♥ ▲❆❙❆■❘ ✐s ✵✳✺ ♠✴s✱ ❤❡♥❝❡ ❛ ♥♦✲✇✐♥❞✲s❝❡♥❛r✐♦ ✐s ♥♦t
♣♦ss✐❜❧❡✳ ❚❤✐s ❝❛✉s❡❞ ✐ss✉❡s ✇✐t❤ t❤❡ ❋♦❣❣② ❉❛② s❝❡♥❛r✐♦✳ ❚❤❡ ♦r✐❣✐♥❛❧ ✈❛❧✉❡ ♦❢
✵✳✷✷ ♠✴s ❢♦r t❤❡ ❋♦❣❣② ❉❛② s❝❡♥❛r✐♦ ❤❛❞ t♦ ❜❡ ❝❤❛♥❣❡❞ t♦ ✵✳✺ ♠✴s✳ ❖t❤❡r✇✐s❡ ❛
❝❛❧❝✉❧❛t✐♦♥ ✇♦✉❧❞ ♥♦t ❤❛✈❡ ❜❡❡♥ ♣♦ss✐❜❧❡✳ ❚❛❜❧❡ ✻✳✾ s❤♦✇s t❤❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs
❢♦r t❤❡ ▲❆❙❆■❘ ❝❛❧❝✉❧❛t✐♦♥s✳

✺✷
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❲✐♥❞ ❞✐r❡❝t✐♦♥ ❲✐♥❞s♣❡❡❞ [m/s] ❘❛✐♥r❛t❡ [mm/h]
❙♣r✐♥❣ ❉❛② ✸✺✶ ✷✳✸✺ ✵✳✵✺
❙✉♠♠❡r ❉❛② ✸✸✽ ✷✳✵✹ ✵✳✶✵
❆✉t✉♠♥ ❉❛② ✷✹ ✵✳✺✼ ✵✳✵✺
❲✐♥t❡r ❉❛② ✸✸✹ ✷✳✻✹ ✵✳✵✸

❚❤✉♥❞❡rst♦r♠ ✷✺✼ ✼✳✷✸ ✶✼✳✻✵
❋♦❣❣② ❉❛② ✺✼ ✵✳✺✯ ✵✳✵✶
❍♦t ❉❛② ✸✵✺ ✷✳✵✾ ✵✳✵✵

❚❛❜❧❡ ✻✳✾✿ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ✐♥♣✉t ❞❛t❛ ❢♦r ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥s✱ ✯ t❤✐s ✈❛❧✉❡ ✇❛s
❝❤❛♥❣❡❞ ❢r♦♠ ✵✳✷✷ t♦ ✵✳✺

✻✳✷✳✶✵ ❙✉♠♠❛r② ♦❢ ❲❡❛t❤❡r ❞❛t❛

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

✐♦s✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ t❤r❡❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ✭❍♦t ❞❛②✱ ❋♦❣❣② ❞❛②
❛♥❞ ❚❤✉♥❞❡rst♦r♠ ❞❛②✮ ✐♥❞✐✈✐❞✉❛❧❧②✳
❈♦♠♣❛r✐♥❣ t❤❡ ❘❖❉❖❙ ❛♥❞ ▲❆❙❆■❘ ✐♥♣✉t ❞❛t❛ s❤♦✇s s❡✈❡r❛❧ ❞✐✛❡r❡♥❝❡s✳ ▲❆✲

❙❆■❘ ❛❧❧♦✇s ❧❡ss ✢❡①✐❜✐❧✐t② ✇✐t❤ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ✐♥♣✉t ❞❛t❛✱ ❤❡♥❝❡ ❛❧❧ t❤r❡❡
s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❝❛♥ ♥♦t ❜❡ r❡✢❡❝t❡❞ ✇✐t❤ ▲❆❙❆■❘ ❛s ❛❝❝✉r❛t❡❧② ❛s ✇✐t❤ ❘❖✲
❉❖❙✳ ❋✉rt❤❡r♠♦r❡ t❤❡ ❢❛❝t t❤❛t ▲❆❙❆■❘ r❡q✉✐r❡s ❛ ✇✐♥❞ s♣❡❡❞ ❃ ✵✳✺ ♠✴s ✇✐❧❧
❢❛❧s✐❢② t❤❡ ❋♦❣❣② ❉❛② s❝❡♥❛r✐♦✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ s❝❡♥❛r✐♦s ✐s t❤❡r❡❢♦r❡ ♦♥❧② ♣♦ss✐❜❧❡
❢♦r t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳
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✼ ❙♦✉r❝❡ ❚❡r♠ ❈❛❧❝✉❧❛t✐♦♥s

◆❡①t t♦ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛✱ t❤❡ s♦✉r❝❡ t❡r♠ ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✐♥♣✉t
❢♦r t❤❡ s✐♠✉❧❛t✐♦♥✳ Pr❡✈✐♦✉s s✐♠✉❧❛t✐♦♥s ✉s❡❞ ❝❛❧❝✉❧❛t✐♦♥ ❞❛t❛ ❢♦r t❤❡ ♦❧❞ ❝♦r❡
✭s❡❡ ❬✺❪✮✳ ❆s t❤❡ ❚r✐❣❛ r❡❛❝t♦r r❡❝❡✐✈❡❞ ❛ ♥❡✇ ❝♦r❡ ✐♥ ✷✵✶✷✱ ✐t ✇❛s ♥❡❝❡ss❛r② t♦
✉♣❞❛t❡ t❤❡ ❝♦r❡ ❞❛t❛✳ ❚❤✐s ✇❛s ❞♦♥❡ ✇✐t❤ t❤❡ ♣r♦❣r❛♠ ❖❘■●❊◆✱ ❛s ❞❡s❝r✐❜❡❞
❜② ❙t✉♠♠❡r ❡t ❛❧✳ ❬✸✶❪✱ ❬✸✷❪✳ ❆t t❤❡ ❡♥❞ ♦❢ ✷✵✶✹ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ✇❡r❡ r❡♣❡❛t❡❞✱
✇✐t❤ t❤❡ ❝♦rr❡❝t ❞❛t❛ ♦❢ ♦♣❡r❛t✐♦♥ ❢r♦♠ ✷✵✶✷ t✐❧❧ ✷✵✶✹✳ ❚❤❡ r❡❛❝t♦r ♦♣❡r❛t❡❞ ❢♦r
✶✼✶✽✱✾✻ ❤ ✐♥ t❤✐s t✐♠❡✳ ❚❤❡ s❡❝♦♥❞ s✐♠✉❧❛t✐♦♥ ✇❛s ❞♦♥❡ ❢♦r t❤❡ ❡♥❞ ♦❢ ❧✐❢❡✲t✐♠❡ ♦❢
t❤❡ r❡❛❝t♦r ✐♥ ✷✵✷✺✱ ❛ss✉♠✐♥❣ ❛ ❝♦♥t✐♥✉♦✉s ♦♣❡r❛t✐♦♥ ❢r♦♠ ✷✵✶✹ t✐❧❧ ✷✵✷✺ ❢♦r ✷✹ ❤
✼ ❞❛②s ❛ ✇❡❡❦✱ t❤✐s ❧❡❛❞s t♦ ✺✵✽✼✺ ❤ ♦❢ ♦♣❡r❛t✐♦♥✳ ❚❤✐s ❝❛❧❝✉❧❛t✐♦♥ ♦✈❡r❡st✐♠❛t❡s
t❤❡ ❜✉r♥✉♣ ❛s t❤❡ r❡❛❝t♦r ✐s ✉s✉❛❧❧② ✷✵✵✵ ❤ ♣❡r ②❡❛r ✐♥ ♦♣❡r❛t✐♦♥✱ ✇❤✐❝❤ ✇♦✉❧❞
❧❡❛❞ t♦ ❛ ♠❛①✐♠✉♠ ♦♣❡r❛t✐♦♥ t✐♠❡ ♦❢ ✷✹✵✵✵ ❤ t✐❧❧ ✷✵✷✺✳

✼✳✶ ❙✐♠✉❧❛t✐♦♥ ❞❛t❛

❚❤❡ ❝♦r❡ ❝♦♥s✐st❡❞ ✐♥ ✷✵✶✸ ♦❢ ✼✽ ❢✉❡❧ ❡❧❡♠❡♥ts✱ s♣❧✐t ✐♥ ✺ r✐♥❣s✱ ❛s s❤♦✇♥ ✐♥ ❝❤❛♣t❡r
✶✳✷✳✷ ❛♥❞ ❋✐❣✉r❡ ✶✳✸✳ ❋♦r t❤❡ s❡✈❡r❡ ❛❝❝✐❞❡♥t s✐♠✉❧❛t✐♦♥s s♦♠❡ ❛ss✉♠♣t✐♦♥s ✇❡r❡
♠❛❞❡ ❛s ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳ ❚❤❡ ❝♦r❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞✐❞ ♥♦t ❝❤❛♥❣❡ ✐♥ t❤❡ ✜rst t✇♦
②❡❛rs ♦❢ ♦♣❡r❛t✐♦♥✳ ❚❤✐s ♠❛❞❡ ❛♥ ❛✈❡r❛❣❡ ❝❛❧❝✉❧❛t✐♦♥ ♣❡r r✐♥❣ ♣♦ss✐❜❧❡✿ ❋♦r ❡❛❝❤
r✐♥❣ ❛♥ ❛✈❡r❛❣❡❞ ❜✉r♥✉♣ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r ♦♥❡ ❢✉❡❧ ❡❧❡♠❡♥t ✇✐t❤ ❛✈❡r❛❣❡❞ ❛❝t✐✈✐t②
✈❛❧✉❡s✱ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ❡❛❝❤ r✐♥❣✳ ❚❤❡ ❖❘■●❊◆ s✐♠✉❧❛t✐♦♥ r❡✈❡❛❧❡❞ t❤❡ ♥✉❝❧✐❞❡s
♣r❡s❡♥t ✐♥ t❤❡ ❡❧❡♠❡♥t✳ ❚❤❡ ❢✉❧❧ s✐♠✉❧❛t✐♦♥ ♦✉t♣✉t ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❛♣♣❡♥❞✐① ❇✳✷✱
❚❛❜❧❡s ❇✳✶ t♦ ❇✳✶✵✳❚❤❡ ❜✉r♥✉♣ ❛ss✉♠❡❞ t❤❛t t❤❡ r❡❛❝t♦r ✇❛s ❞r✐✈❡♥ ❛t ♠❛①✐♠✉♠
♣♦✇❡r ♦✈❡r t❤❡ t✇♦ ②❡❛rs ✭✷✵✶✷ ✲ ✷✵✶✹✮✳ ❚❤✐s ❧❡❛❞s t♦ ❛♥ ♦✈❡r❡st✐♠❛t✐♦♥ ♦❢ t❤❡
❜✉r♥✉♣✳ ❚❛❦✐♥❣ t❤❡ ❛✈❡r❛❣❡❞ ♣♦✇❡r ♦✈❡r t❤❡ t✇♦ ②❡❛rs ✇♦✉❧❞ ❧❡❛❞ t♦ ❛♥ ✉♥❞❡r✲
❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜✉r♥✉♣✳ ■♥ r❡❣❛r❞ t♦ ❝♦♥s❡r✈❛t✐✈❡♥❡ss t❤❡ ✜rst ♦♣t✐♦♥ ✇✐t❤ t❤❡
♠❛①✐♠✉♠ ♣♦✇❡r ✇❛s ❝❤♦s❡♥✳ ❆❢t❡r t✇♦ ②❡❛rs ♦❢ ♦♣❡r❛t✐♦♥ t❤❡ ♠❛✐♥ ❛❝t✐✈✐t② ✐♥♣✉t
❝♦♠❡s ❢r♦♠ s❤♦rt ❧✐✈❡❞ ♥✉❝❧✐❞❡s✱ ✇❤✐❝❤ ❛r❡ ✐♥ ❡q✉✐❧✐❜r✐✉♠ ❛❧r❡❛❞②✳
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✼✳✶✳✶ ◆✉❝❧✐❞❡s ❢♦r ❙✐♠✉❧❛t✐♦♥

❚❤❡ ♥❡①t st❡♣ ✇❛s t♦ ❝❤♦♦s❡ t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ♥✉❝❧✐❞❡s ❢♦r t❤❡ s❡✈❡r❡ ❛❝❝✐❞❡♥t
s✐♠✉❧❛t✐♦♥s✳ ❍❛②❞♥ ✭s❡❡ ❬✺❪✮ ✉s❡❞ ❦r②♣t♦♥✱ ①❡♥♦♥ ❛♥❞ ✐♦❞✐♥❡ ♥✉❝❧✐❞❡s ❢♦r t❤❡
s✐♠✉❧❛t✐♦♥✳
❚❤❡s❡ ❡❧❡♠❡♥ts ❛r❡ t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦♥❡s ❢♦r ❞♦s❡ ❝❛❧❝✉❧❛t✐♦♥✳ ❚✇♦ ♣♦✐♥ts

❛r❡ ✐♠♣♦rt❛♥t t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✿ ❙❤❛❧❧ ♥♦♥✲❣❛s❡♦✉s ✜ss✐♦♥ ❡❧❡♠❡♥ts ❜❡ ✐♥❝❧✉❞❡❞
✐♥ t❤❡ s♦✉r❝❡ t❡r♠ ❞❛t❛✱ ❛♥❞ ❛r❡ s❤♦rt ❧✐✈❡❞ ✐s♦t♦♣❡s r❡❧❡✈❛♥t ❢♦r t❤❡ s✐♠✉❧❛t✐♦♥✳
❘❡❣❛r❞✐♥❣ t❤❡ ✜rst ♣♦✐♥t✱ ❋♦✉s❤❡❡ ❛♥❞ P❡t❡rs s❤♦✇❡❞ ✐♥ t❤❡✐r ♣✉❜❧✐❝❛t✐♦♥ t❤❛t t❤❡
✑r❡❧❡❛s❡ ♦❢ ♥♦♥✲❣❛s❡♦✉s ✜ss✐♦♥ ♣r♦❞✉❝ts ✐s t②♣✐❝❛❧❧② ♦♥❡ ♦r ♠♦r❡ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡
❧♦✇❡r✱ ❛♥❞ t❤✉s✱ ❡①♣♦s✉r❡ ❢r♦♠ t❤❡ s♦✉r❝❡ ✐s s❡❝♦♥❞❛r② t♦ ❡①♣♦s✉r❡ ❢r♦♠ ❣❛s❡♦✉s
r❛❞✐♦♥✉❝❧✐❞❡s✳✑✶✳ ❚❤❡② st❛t❡ ❢✉rt❤❡r t❤❛t ❡✈❡♥ t❤❡ r❡❧❡❛s❡ ❢r❛❝t✐♦♥s ❢r♦♠ ♥♦♥✲
❣❛s❡♦✉s ✜ss✐♦♥ ♣r♦❞✉❝ts ❢r♦♠ ❞❛♠❛❣❡❞ ✐rr❛❞✐❛t❡❞ ❚❘■●❆ ❢✉❡❧ ❡❧❡♠❡♥ts ❛r❡ ♥♦t ✇❡❧❧
❝❤❛r❛❝t❡r✐③❡❞✳ ❚❤❡ ❢r❛❝t✐♦♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ♥❡❣❧✐❣✐❜❧❡✳ ❆ ❢❛❝t♦r ♦❢ 1×10−6 ❝♦✉❧❞
❜❡ ❛♣♣❧✐❡❞✱ ✇❤✐❝❤ ✇♦✉❧❞ ❧❡❛❞ t♦ ❛♥ ❛❝t✐✈✐t② ♦❢ s❡✈❡r❛❧ ❦❇q ✐♥ t❤✐s ✇♦r❦s s✐♠✉❧❛t✐♦♥✳
❚❤❡r❡❢♦r❡ ♥♦♥✲❣❛s❡♦✉s ✜ss✐♦♥ ❡❧❡♠❡♥ts ✇❡r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r t❤✐s
✇♦r❦✳ ❚❤✐s ✇❛s ❛❧s♦ ❞r✐✈❡♥ ❜② t❤❡ ❢❛❝t t❤❛t ♣r❡✈✐♦✉s s✐♠✉❧❛t✐♦♥s ❞✐❞ ♥♦t t❛❦❡
♥♦♥✲❣❛s❡♦✉s ✜ss✐♦♥ ❡❧❡♠❡♥ts ✐♥t♦ ❛❝❝♦✉♥t✳ ❘❡❣❛r❞✐♥❣ t❤❡ ❞✐s❝✉ss✐♦♥ ❛❜♦✉t s❤♦rt
❧✐✈❡❞ ✐s♦t♦♣❡s✱ t❤✐s ✇♦r❦ ❝♦♥t✐♥✉♦✉s ✇✐t❤ t❤❡ ❝❤♦✐❝❡ ♦❢ ♣r❡✈✐♦✉s ✇♦r❦s ❛♥❞ ✐♥❝❧✉❞❡❞
♦♥❧② ♥✉❝❧✐❞❡s ✇✐t❤ ❤❛❧❢✲❧✐✈❡s ❃ ✶✹ ♠✐♥✳ ❙❡✈❡r❛❧ ♥✉❝❧✐❞❡s ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡
♥❡✇ s✐♠✉❧❛t✐♦♥s✱ ❛s t❤❡② ❛r❡ ♥♦t ②❡t ♣r❡s❡♥t ✐♥ t❤❡ ❖❘■●❊◆ ❝❛❧❝✉❧❛t✐♦♥s ✭❍❡✱ ◆❡✱
❆r✱ ❘❛✱ ❋❧✱ ❈❧✱ ❆s✱ ❇r✮✳
❚❤✐s ❜r♦✉❣❤t t❤❡ ❧✐st ♦❢ ♥✉❝❧✐❞❡s t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ❧✐st✱ ✇❤✐❝❤ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❛❧❧

s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❘❖❉❖❙✱ ✐♥❝❧✉❞✐♥❣ t❤❡✐r ❤❛❧❢✲❧✐✈❡s✿

■s♦t♦♣❡ ❍❛❧❢✲▲✐✈❡

❑r✲✽✸♠ ✶✳✽✸ ❤

❑r✲✽✺♠ ✹✳✹✽ ❤

❑r✲✽✺ ✶✵✳✼✻ ❛

■✲✶✸✵ ✶✷✳✸✻ ❤

■✲✶✸✶ ✽✳✵✷ ❞

■✲✶✸✷ ✷✳✸ ❤

■✲✶✸✹ ✺✷ ♠✐♥

❈♦♥t✐♥✉❡❞ ♦♥ ♥❡①t ♣❛❣❡

✶❋✳❈✳❋♦✉s❤❡❡✱ ❘✳❍✳P❡t❡rs✱ ❙✉♠♠❛r② ♦❢ ❚❘■●❆ ❋✉❡❧ ❋✐ss✐♦♥ Pr♦❞✉❝t ❘❡❧❡❛s❡ ❊①♣❡r✐♠❡♥ts✱
●✉❧❢✲❊❊❙✲❆✶✵✽✵✶✱ ❚❘■●❆ ❘❡❛❝t♦rs✱ ●✉❧❢ ❊♥❡r❣② ❛♥❞ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙②st❡♠s✱ ■♥❝ ❙❛♥ ❉✐❡❣♦✱
❈❛❧✐❢♦r♥✐❛✱ ❯❙✱ ✶✾✼✶
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❚❛❜❧❡ ✼✳✶ ✕ ❈♦♥t✐♥✉❡❞ ❢r♦♠ ♣r❡✈✐♦✉s ♣❛❣❡

■s♦t♦♣❡ ❍❛❧❢✲▲✐✈❡

■✲✶✸✺ ✻✳✻✶ ❤

❳❡✲✶✸✶♠ ✶✶✳✾ ❞

❳❡✲✶✸✸♠ ✷✳✶✾ ❞

❳❡✲✶✸✸ ✺✳✷✺ ❞

❳❡✲✶✸✺♠ ✶✺✳✸ ♠✐♥

❳❡✲✶✸✺ ✾✳✶ ❤

❳❡✲✶✸✽ ✶✹✳✶ ♠✐♥

❚❛❜❧❡ ✼✳✶✿ ■s♦t♦♣❡s ❢♦r s✐♠✉❧❛t✐♦♥ ✐♥❝❧✉❞✐♥❣ t❤❡✐r ❤❛❧❢✲❧✐✈❡s

✼✳✷ ❙♦✉r❝❡ ❚❡r♠s ❢♦r ❆❝❝✐❞❡♥t ❙❝❡♥❛r✐♦s ❢♦r

❘❖❉❖❙ s✐♠✉❧❛t✐♦♥

◆✉❝❧✐❞❡ ❞❛t❛ ✐♥ ✼✳✶ ✇❡r❡ t❛❦❡♥ t♦ ❝r❡❛t❡ t❤❡ s♦✉r❝❡ t❡r♠s✳ ❆s t❤❡ ❖❘■●❊◆ ❞❛t❛
✭s❡❡ ❇✳✶ t♦ ❇✳✶✵✮ ❝❛❧❝✉❧❛t✐♦♥ ❣❛✈❡ ✈❛❧✉❡s ❢♦r ❛♥ ❛✈❡r❛❣❡ ❢✉❡❧ ❡❧❡♠❡♥t ♣❡r r✐♥❣✱ t❤❡
✈❛❧✉❡s ❤❛❞ t♦ ❜❡ ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts ♣❡r r✐♥❣ ✭s❡❡ ❋✐❣✉r❡ ✶✳✸✮
❛♥❞ s✉♠♠❡❞ ✉♣ ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ ❛ ❢✉❧❧ s♦✉r❝❡ t❡r♠ ❢♦r t❤❡ ❝♦r❡✳ ❋♦r t❤❡ ✶
❡❧❡♠❡♥t s❝❡♥❛r✐♦✱ t❤✐s ✇❛s ♥♦t ♥❡❝❡ss❛r②✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❆❝❝✐❞❡♥t ❙❝❡♥❛r✐♦✱
t❤❡ s♦✉r❝❡ t❡r♠ ❤❛❞ t♦ ❜❡ ❛❞❛♣t❡❞ ❛s s❤♦✇♥ ❜② ❇❛❧❞✇✐♥ ❬✸✵❪✳ ❍❛②❞♥ ❬✺❪ ✉s❡❞ t❤❡
s❛♠❡ ❛♣♣r♦❛❝❤✳ ❖♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ✜ss✐♦♥ ♣r♦❞✉❝ts ✐s r❡❧❡❛s❡❞✳ ❚❤✐s ❢r❛❝t✐♦♥
✐s ❞❡✜♥❡❞ ❢♦r ❤❛❧♦❣❡♥s ❛♥❞ ♥♦❜❧❡ ❣❛ss❡s ❜② ❋♦✉s❤❡❡ ❛♥❞ P❡t❡rs ❬✶✶❪ t❤❡ ❢♦❧❧♦✇✐♥❣
✇❛②✿

wi = ei · fi · gi ✭✼✳✶✮

❍❡r❡ ei ❞❡s❝r✐❜❡s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✜ss✐♦♥ ♣r♦❞✉❝ts ♠✐❣r❛t✐♥❣ ✐♥t♦ t❤❡ ❣❛♣ ❜❡t✇❡❡♥
❢✉❡❧ ❛♥❞ ❢✉❡❧ ❡❧❡♠❡♥t✱ fi ❞❡s❝r✐❜❡s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✜ss✐♦♥ ♣r♦❞✉❝ts ♠✐❣r❛t✐♥❣ ❢r♦♠
t❤❡ ❣❛♣ ❜❡t✇❡❡♥ ❢✉❡❧ ❛♥❞ ❢✉❡❧ ❡❧❡♠❡♥t ✐♥t♦ t❤❡ ✇❛t❡r ❛♥❞ gi ❞❡s❝r✐❜❡s t❤❡ ❢r❛❝t✐♦♥
♦❢ ✜ss✐♦♥ ♣r♦❞✉❝ts ♠✐❣r❛t✐♥❣ ❢r♦♠ t❤❡ ✇❛t❡r t❛♥❦ ✐♥t♦ t❤❡ r❡❛❝t♦r ❤❛❧❧ r❡s♣❡❝t✐✈❡❧②
t❤❡ ❛t♠♦s♣❤❡r❡✳ ❆s s❤♦✇♥ ✐♥ ✸✵ t❤❡ ✈❛❧✉❡ ♦❢ ei ✇❛s ❡①♣❡r✐♠❡♥t❛❧❧② ❢♦✉♥❞ ♦✉t t♦
❜❡ 1, 5×10−5✳ ❆❧❧ ♦t❤❡r ✈❛❧✉❡s ✇❡r❡ t❛❦❡♥ ✐♥ ❝♦♥s✐st❡♥❝② ✇✐t❤ ❍❛②❞♥ ❬✺❪ ❛♥❞ ❱✐❧❧❛
❡t ❛❧✳ ❬✹❪✳ ■♥ ❚❛❜❧❡ ✼✳✷ t❤❡s❡ ❢❛❝t♦rs ♦❢ ●❆ ❛r❡ s❤♦✇♥✱ ✇❤✐❝❤ ✇❡r❡ ♠✉❧t✐♣❧✐❡❞ ✇✐t❤
t❤❡ ❛❝t✐✈✐t② ♦❢ t❤❡ ♥✉❝❧✐❞❡s✳ ❚❤❡ ❢r❛❝t✐♦♥ ❢♦r t❤❡ ♦r❣❛♥✐❝ ❤❛❧♦❣❡♥s ✇❛s ✾✷✪ t♦ ✽✪
♦❢ ♦t❤❡r ❤❛❧♦❣❡♥s ✭s❡❡ ❬✶❪✮✱ ❤❡♥❝❡ t❤❡ ✐♦❞✐♥❡ ❛❝t✐✈✐t✐❡s ✇❤❡r❡ ❢r❛❝t✉r❡❞ ✐♥t♦ ✾✷✿✽✳

✺✻
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❋❛❝t♦r ●❆ ◆♦❜❡❧ ●❛s❡s ❖r❣❛♥✐❝ ❍❛❧♦❣❡♥s ❖t❤❡r ❍❛❧♦❣❡♥s
❋✉❡❧ ❊❧❡♠❡♥t ❉❛♠❛❣❡

ei ✶✳✺✵❊✲✵✺ ✶✳✺✵❊✲✵✺ ✶✳✺✵❊✲✵✺
fi ✶ ✵✳✺ ✵✳✺
gi ✶ ✵✳✶ ✵✳✵✵✾
wi ✶✳✺✵❊✲✵✺ ✼✳✺✵❊✲✵✼ ✻✳✼✺❊✲✵✽

❙♠❛❧❧ ❆✐r♣❧❛♥❡ ❈r❛s❤
ei ✶✳✺✵❊✲✵✺ ✶✳✺✵❊✲✵✺ ✶✳✺✵❊✲✵✺
fi ✶ ✵✳✺ ✵✳✺
gi ✶ ✵✳✶ ✵✳✾
wi ✶✳✺✵❊✲✵✺ ✼✳✺✵❊✲✵✼ ✻✳✼✺❊✲✵✻

▲❛r❣❡ ❆✐r♣❧❛♥❡ ❈r❛s❤
ei ✶ ✶✳✺✵❊✲✵✺ ✶✳✺✵❊✲✵✺
fi ✶ ✶ ✶
gi ✶ ✵✳✶ ✵✳✾
wi ✶ ✶✳✺✵❊✲✵✻ ✶✳✸✺❊✲✵✺

❚❛❜❧❡ ✼✳✷✿ ●❆ ❝❛❧❝✉❧❛t❡❞ ❢❛❝t♦rs ❢♦r ❛❧❧ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s✱ ei ❞❡✜♥❡s t❤❡ ❧❡❛❦❛❣❡
❢r♦♠ t❤❡ ❢✉❡❧ ❡❧❡♠❡♥t ✐♥t♦ t❤❡ ❣❛♣✱ fi ❢r♦♠ t❤❡ ❣❛♣ ✐♥t♦ t❤❡ ✇❛t❡r ❛♥❞ gi
❢r♦♠ t❤❡ ✇❛t❡r ✐♥t♦ t❤❡ ❛t♠♦s♣❤❡r❡✳ wi ✐s t❤❡ ♣r♦❞✉❝t ♦❢ ❛❧❧ t❤❡ ❛❜♦✈❡
❢❛❝t♦rs✳

✼✳✷✳✶ ❙♦✉r❝❡ ❚❡r♠ ❢♦r ❛❝❝✐❞❡♥t ✇✐t❤ ✶ ❢✉❡❧ ❡❧❡♠❡♥t ❡①♣♦s❡❞

❚❤❡ s❝❡♥❛r✐♦ ✐s t❤❡ ❜✉rst ♦❢ ❛ ❢✉❡❧ ❡❧❡♠❡♥t ✭s❡❡ ❛❧s♦ ❬✺❪ ❛♥❞ ❬✹❪✮✳ ❚❤❡ s♦✉r❝❡ t❡r♠
❢♦r ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ ✇❛s ❝❛❧❝✉❧❛t❡❞ t♦ t❤❡ ✈❛❧✉❡s ✐♥ ❚❛❜❧❡ ✼✳✸ ❢♦r t❤❡ ❜✉r♥✉♣ ✐♥
✷✵✶✹ ❛♥❞ ✷✵✷✺✳

◆✉❝❧✐❞❡s ❇✉r♥✉♣ ✷✵✶✹ ❬❇q❪ ❇✉r♥✉♣ ✷✵✷✺ ❬❇q❪

❑r✲✽✸♠ ✶✳✷✹❊✰✵✼ ✶✳✶✾❊✰✵✼

❑r✲✽✺♠ ✷✳✾✷❊✰✵✼ ✷✳✽✵❊✰✵✼

❑r✲✽✺ ✶✳✷✸❊✰✵✺ ✺✳✾✾❊✰✵✺

■✲✶✸✵ ✶✳✹✼❊✰✵✸ ✼✳✵✺❊✰✵✸

■✲✶✸✶ ✸✳✶✵❊✰✵✻ ✸✳✵✶❊✰✵✻

■✲✶✸✷ ✹✳✻✷❊✰✵✻ ✹✳✹✼❊✰✵✻

■✲✶✸✹ ✽✳✶✵❊✰✵✻ ✼✳✽✶❊✰✵✻

■✲✶✸✺ ✻✳✻✼❊✰✵✻ ✻✳✹✹❊✰✵✻

❈♦♥t✐♥✉❡❞ ♦♥ ♥❡①t ♣❛❣❡
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❚❛❜❧❡ ✼✳✸ ✕ ❈♦♥t✐♥✉❡❞ ❢r♦♠ ♣r❡✈✐♦✉s ♣❛❣❡

◆✉❝❧✐❞❡s ❇✉r♥✉♣ ✷✵✶✹ ❬❇q❪ ❇✉r♥✉♣ ✷✵✷✺ ❬❇q❪

❳❡✲✶✸✶♠ ✻✳✻✻❊✰✵✺ ✼✳✶✾❊✰✵✺

❳❡✲✶✸✸♠ ✹✳✺✻❊✰✵✻ ✹✳✹✶❊✰✵✻

❳❡✲✶✸✸ ✶✳✺✻❊✰✵✽ ✶✳✺✵❊✰✵✽

❳❡✲✶✸✺♠ ✷✳✺✺❊✰✵✼ ✷✳✹✼❊✰✵✼

❳❡✲✶✸✺ ✶✳✵✽❊✰✵✽ ✶✳✵✹❊✰✵✽

❳❡✲✶✸✽ ✶✳✶✷❊✰✵✽ ✶✳✵✼❊✰✵✽

❚❛❜❧❡ ✼✳✸✿ ❙♦✉r❝❡ t❡r♠ ❢♦r ❛❝❝✐❞❡♥ts ✇✐t❤ ✶ ❢✉❡❧ ❡❧❡♠❡♥t ❡①♣♦s❡❞✱ ❜✉r♥✉♣ ❛❢t❡r ✶
②❡❛r ❛♥❞ ❛❢t❡r ✶✶ ②❡❛rs

✼✳✷✳✷ ❙♦✉r❝❡ ❚❡r♠ ❢♦r ❛❝❝✐❞❡♥t ✇✐t❤ ✇❤♦❧❡ ❝♦r❡ ❡①♣♦s❡❞

◆✉❝❧✐❞❡s ❇✉r♥✉♣ ✷✵✶✹ ❬❇q❪ ❇✉r♥✉♣ ✷✵✷✺ ❬❇q❪

❑r✲✽✸♠ ✻✳✶✸❊✰✵✽ ✺✳✾✻❊✰✵✽

❑r✲✽✺♠ ✶✳✹✹❊✰✵✾ ✶✳✹✵❊✰✵✾

❑r✲✽✺ ✼✳✶✻❊✰✵✻ ✸✳✵✻❊✰✵✼

■✲✶✸✵ ✻✳✶✸❊✰✵✹ ✷✳✺✸❊✰✵✺

■✲✶✸✶ ✶✳✺✸❊✰✵✽ ✶✳✺✵❊✰✵✽

■✲✶✸✷ ✷✳✷✽❊✰✵✽ ✷✳✷✸❊✰✵✽

■✲✶✸✹ ✸✳✾✾❊✰✵✽ ✸✳✽✾❊✰✵✽

■✲✶✸✺ ✸✳✷✾❊✰✵✽ ✸✳✷✶❊✰✵✽

❳❡✲✶✸✶♠ ✸✳✺✹❊✰✵✼ ✸✳✺✽❊✰✵✼

❳❡✲✶✸✸♠ ✷✳✷✺❊✰✵✽ ✷✳✶✾❊✰✵✽

❳❡✲✶✸✸ ✼✳✻✽❊✰✵✾ ✼✳✺✵❊✰✵✾
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❳❡✲✶✸✺ ✸✳✾✵❊✰✶✹
❳❡✲✶✸✽ ✸✳✻✼❊✰✶✹

❚❛❜❧❡ ✼✳✼✿ ❙♦✉r❝❡ t❡r♠ ❢♦r ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥ ❞❛t❛
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✽ ❈❛❧❝✉❧❛t✐♦♥s ✇✐t❤ ❘❖❉❖❙

❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❘❖❉❖❙✳ ❘❖❉❖❙ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣✲
t❡r ✹✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛♣t❡r ❞✐s♣❧❛②s t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✳ ❋♦✉r ❛❝❝✐❞❡♥t s❝❡✲
♥❛r✐♦s ✇❡r❡ s✐♠✉❧❛t❡❞✳ ❚❤❡s❡ s❝❡♥❛r✐♦s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✶✳✺✳ ❚❤✐s ✇♦r❦
❞✐s❝✉ss❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s✱ ❛s ❞♦♥❡ ✐♥ ♣r❡✈✐♦✉s ✇♦r❦s ❜② ❍❛②❞♥ ✭s❡❡
❬✺❪✮✿

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

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

❼ ❆❝❝✐❞❡♥t ❙❝❡♥❛r✐♦ ✇✐t❤ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤

❼ ❆❝❝✐❞❡♥t ❙❝❡♥❛r✐♦ ✇✐t❤ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤

❚❤❡s❡ ✹ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s ✇❡r❡ ❡❛❝❤ s✐♠✉❧❛t❡❞ ✇✐t❤ ✼ ❞✐✛❡r❡♥t ✇❡❛t❤❡r s❝❡♥❛r✐♦s✳
❚❤❡ ✇❡❛t❤❡r s❝❡♥❛r✐♦s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❝❤❛♣t❡r ✻✳ ❚❤❡ ✜rst ❢♦✉r s❝❡♥❛r✐♦s
❛r❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s r❡♣r❡s❡♥t✐♥❣ ❛♥ ❛✈❡r❛❣❡❞ ❞❛② ♦❢ t❤❡ s❡❛s♦♥✳ ❚❤❡ ❧❛t❡r t❤r❡❡
❛r❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s r❡♣r❡s❡♥t✐♥❣ ❛ s♣❡❝✐✜❝ ❞❛② ♦❢ t❤❡ ❞❡s❝r✐❜❡❞ ✇❡❛t❤❡r s❝❡♥❛r✐♦✳

✶✳ ❆✈❡r❛❣❡ s♣r✐♥❣ ❞❛②

✷✳ ❆✈❡r❛❣❡ s✉♠♠❡r ❞❛②

✸✳ ❆✈❡r❛❣❡ ❛✉t✉♠♥ ❞❛②

✹✳ ❆✈❡r❛❣❡ ✇✐♥t❡r ❞❛②

✺✳ ❍♦t ❞❛②

✻✳ ❋♦❣❣② ❞❛②

✼✳ ❚❤✉♥❞❡rst♦r♠ ❞❛②

✻✷
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❚❤❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs ✈❛r✐❡❞ ✐♥ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs ✭s❡❡ ❝❤❛♣t❡r ✻✮ ❛♥❞
✐♥ t❤❡ s♦✉r❝❡ t❡r♠ ✭s❡❡ ❝❤❛♣t❡r ✼✮✳ ❚❤❡ ❘♦❞♦s ✐♥♣✉t ✭s❡❡ ❝❤❛♣t❡r ✹✳✶✳✶✮ ✇❛s t❤❡
❢♦❧❧♦✇✐♥❣✿

❼ ●❡♦❣r❛♣❤✐❝ ❝♦♦r❞✐♥❛t❡s✿ ✶✻✳✹✶✸❀ ✹✽✳✶✾✼

❼ ●r✐❞ s✐③❡✿ ✷✵ ❦♠ r❛❞✐✉s✱ ✺✵ ♠ ❝❡❧❧ s✐③❡

❼ ❈❛❧❝✉❧❛t✐♦♥ t✐♠❡ st❡♣✿ ✻✵ ♠✐♥✉t❡s

❼ ❆❝t✐✈✐t② r❡❧❡❛s❡✿ ❋♦r ❝♦♥s✐st❡♥❝② r❡❛s♦♥s ✇✐t❤ ❍❛②❞♥ ❬✺❪ t❤❡ r❡❧❡❛s❡ ✐♥t❡r✈❛❧
✇❛s s❡t t♦ ✶ ❤✳ ❆❧❧ ♥✉❝❧✐❞❡s ✇❡r❡ r❡❧❡❛s❡❞ ❛t t❤❡ s❛♠❡ t✐♠❡✳

❼ ❈❛❧❝✉❧❛t✐♦♥ t✐♠❡✿ t❤❡ ♣r♦❣♥♦st✐❝ ♠♦❞❡❧ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❛ ✷✹ ❤ t✐♠❡ ✐♥✲
t❡r✈❛❧✳ ❘❖❉❖❙ ♦✛❡rs t❤❡ ❢❡❛t✉r❡ ♦❢ ❡st✐♠❛t✐♥❣ ❛ ✶ ②❡❛r ❛♥❞ ❛ ❧✐❢❡t✐♠❡ ❞♦s❡✳
❚❤✐s ❢❡❛t✉r❡ ✐s ✉s❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥ r❡❛s♦♥s ✇✐t❤ ❍❛②❞♥ ❬✺❪✳

❆❧❧ s❝❡♥❛r✐♦s ✇❡r❡ s✐♠✉❧❛t❡❞ ✇✐t❤ ✷ ❞✐✛❡r❡♥t ❜✉r♥✉♣s✳ ❚❤❡ ✜rst s❡t ♦❢ s✐♠✉❧❛t✐♦♥s
✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ ❜✉r♥✉♣ ♦❢ ✶ ②❡❛r✱ t❤❡ s❡❝♦♥❞ s❡t ✇✐t❤ ❛ ❜✉r♥✉♣ ♦❢ ✶✶ ②❡❛rs✱
✇❤✐❝❤ ❞❡s❝r✐❜❡s t❤❡ ❝✉rr❡♥t ❡♥❞ ♦❢ ❧✐❢❡ ❢♦r t❤❡ r❡❛❝t♦r✳ ❚❤❡ s♦✉r❝❡ t❡r♠ ✐s ❞❡s❝r✐❜❡❞
✐♥ ❞❡t❛✐❧ ✐♥ ❝❤❛♣t❡r ✼✳

✽✳✶ ❆❝❝✐❞❡♥t ❙❝❡♥❛r✐♦ ✇✐t❤ ✶ ❢✉❡❧ ❡❧❡♠❡♥t

❡①♣♦s❡❞

✽✳✶✳✶ ❘❡s✉❧ts ✇✐t❤ ✶ ②❡❛r ❜✉r♥✉♣

❚❤❡ ✜rst ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ✇❛s t❤❡ ❡①♣♦s✉r❡ ♦❢ ♦♥❡ ❢✉❡❧ ❡❧❡♠❡♥t ✭s❡❡ ✼✳✷✳✶✮ t❤❡
❝❛❧❝✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ❛ ❜✉r♥✉♣ ♦❢ ♦♥❡ ②❡❛r✳ ❚❛❜❧❡ ✽✳✶ s❤♦✇s t❤❡ r❡s✉❧ts
♦❢ t❤❡ ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❛✈❡r❛❣❡ ❞❛②s✳ ❚❤r❡❡ r❡♣r❡s❡♥t❛t✐✈❡ ✈❛❧✉❡s ❛r❡
❛♥❛❧②s❡❞✿ ❚❤❡ t♦t❛❧ ❞♦s❡ ❛❢t❡r ♦♥❡ ②❡❛r ✭❡①❝❡♣t ✐♥❣❡st✐♦♥✮✱ t❤❡ t♦t❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡
r❛t❡ ❛♥❞ t❤❡ t♦t❛❧ ♣♦t❡♥t✐❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡✳ ❚❤❡ ✈❛❧✉❡s ❣✐✈❡♥ ❛r❡ t❤❡ ♠❛①✐♠✉♠
✈❛❧✉❡s ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✳ ❚❛❜❧❡ ✽✳✷ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❢♦r
♦♥❡ ②❡❛r ♦❢ ❜✉r♥✉♣ ❛♥❞ t❤❡ ❡①♣♦s✉r❡ ♦❢ ✶ ❢✉❡❧ ❡❧❡♠❡♥t✳

✻✸

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❙♣r✐♥❣ ❞❛② ❙✉♠♠❡r ❞❛② ❆✉t✉♠♥ ❞❛② ❲✐♥t❡r ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❝❡♣t ✐♥❣❡st✐♦♥ ✶
②❡❛r ❬♠❙✈❪

✸✳✸✺❊✲✵✻ ✹✳✵✼❊✲✵✻ ✸✳✼✹❊✲✵✻ ✶✳✹✾❊✲✵✻

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛ ❞♦s❡
r❛t❡ ❬♠❙✈✴❤❪

✶✳✸✹❊✲✵✻ ✶✳✼✻❊✲✵✻ ✶✳✼✹❊✲✵✻ ✽✳✺✵❊✲✵✼

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝t✐✈❡
❬♠❙✈❪

✻✳✻✻❊✲✵✻ ✼✳✸✵❊✲✵✻ ✻✳✽✹❊✲✵✻ ✷✳✷✺❊✲✵✻

❚❛❜❧❡ ✽✳✶✿ ❘❖❉❖❙ r❡s✉❧ts ❢♦r ❡①♣♦s✉r❡ ♦❢ ✶ ❢✉❡❧ ❡❧❡♠❡♥t ❛❢t❡r ✶ ②❡❛r ♦❢ ❜✉r♥✉♣✱
❛✈❡r❛❣❡ s❝❡♥❛r✐♦s

❚❤✉♥❞❡rst♦r♠ ❞❛② ❋♦❣❣② ❞❛② ❍♦t ❞❛②
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❋♦r t❤❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ✧❡①♣♦s✉r❡ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts✧ ✭s❡❡ ✼✳✷✳✷✮ t❤❡ ❝❛❧❝✉❧❛t✐♦♥
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❞r♦♣ ✐♥ t❤❡ ♥❡❛r ✈✐❝✐♥✐t② ♦❢ t❤❡ s♦✉r❝❡ ❜② ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡✳

❋✐❣✉r❡ ✽✳✺✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠♠❡r ❞❛② ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✭❜♦tt♦♠✮
✇✐t❤ ❛ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣
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✽✳✸✳✷ ❘❡s✉❧ts ✇✐t❤ ✶✶ ②❡❛rs ❜✉r♥✉♣

❋♦r t❤❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ✧s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤✧ ✭s❡❡ ✼✳✷✳✸✮ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ✇❛s
♣❡r❢♦r♠❡❞ ❢♦r ❛ ❜✉r♥✉♣ ♦❢ ✶✶ ②❡❛rs✳ ❚❛❜❧❡ ✽✳✶✶ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❘❖❉❖❙
s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❛✈❡r❛❣❡ ❞❛②s✳ ❚❤r❡❡ r❡♣r❡s❡♥t❛t✐✈❡ ✈❛❧✉❡s ❛r❡ ❛♥❛❧②s❡❞✿ ❚❤❡
t♦t❛❧ ❞♦s❡ ❛❢t❡r ♦♥❡ ②❡❛r ✭❡①❝❡♣t ✐♥❣❡st✐♦♥✮✱ t❤❡ t♦t❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡ r❛t❡ ❛♥❞ t❤❡
t♦t❛❧ ♣♦t❡♥t✐❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡✳ ❚❤❡ ✈❛❧✉❡s ❣✐✈❡♥ ❛r❡ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ t❤❡
s✐♠✉❧❛t✐♦♥✳ ❚❛❜❧❡ ✽✳✶✷ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❢♦r ✶✶ ②❡❛rs ♦❢
❜✉r♥✉♣ ❛♥❞ t❤❡ ❡①♣♦s✉r❡ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts✳

❙♣r✐♥❣ ❞❛② ❙✉♠♠❡r ❞❛② ❆✉t✉♠♥ ❞❛② ❲✐♥t❡r ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❝❡♣t ✐♥❣❡s✲
t✐♦♥ ✶ ②❡❛r ❬♠❙✈❪

✷✳✺✻❊✲✵✹ ✸✳✶✷❊✲✵✹ ✷✳✽✹❊✲✵✹ ✼✳✷✶❊✲✵✺

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛
❞♦s❡ r❛t❡ ❛❧❧ ♥✉❝❧✐❞❡s
❬♠❙✈✴❤❪

✽✳✷✷❊✲✵✺ ✶✳✵✽❊✲✵✹ ✶✳✵✼❊✲✵✹ ✹✳✶✸❊✲✵✺

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝✲
t✐✈❡ ❬♠❙✈❪

✺✳✷✻❊✲✵✹ ✺✳✾✶❊✲✵✹ ✺✳✺✹❊✲✵✹ ✶✳✵✾❊✲✵✹

❚❛❜❧❡ ✽✳✶✶✿ ❘❖❉❖❙ r❡s✉❧ts ❛❢t❡r s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣✱ ❛✈❡r❛❣❡
s❝❡♥❛r✐♦s

❚❤✉♥❞❡rst♦r♠ ❞❛② ❋♦❣❣② ❞❛② ❍♦t ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❝❡♣t ✐♥❣❡st✐♦♥ ✶
②❡❛r ❬♠❙✈❪

✾✳✼✹❊✲✵✹ ✶✳✽✵❊✲✵✹ ✶✳✽✽❊✲✵✸

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛ ❞♦s❡
r❛t❡ ❛❧❧ ♥✉❝❧✐❞❡s ❬♠❙✈✴❤❪

✸✳✽✵❊✲✵✹ ✶✳✷✷❊✲✵✹ ✽✳✵✸❊✲✵✹

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝t✐✈❡
❬♠❙✈❪

✶✳✶✽❊✲✵✸ ✸✳✹✹❊✲✵✹ ✶✳✻✾❊✲✵✸

❚❛❜❧❡ ✽✳✶✷✿ ❘❖❉❖❙ r❡s✉❧ts ❛❢t❡r s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣✱ s♣❡❝✐✜❝
s❝❡♥❛r✐♦s

❈♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ✷ ❞✐✛❡r❡♥t ❜✉r♥✉♣ t✐♠❡s✱ t❤❡ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣
s✐♠✉❧❛t✐♦♥ s❤♦✇s ❛❣❛✐♥ s✐♠✐❧❛r✱ ❜✉t ❜② ✸✪ ❧♦✇❡r r❡s✉❧ts✳ ❚❤❡ ♠❛①✐♠✉♠ ❞♦s❡ ✐s
✶✳✽✽ µ❙✈✱ t❤❡ ♠❛①✐♠✉♠ ❞♦s❡ r❛t❡ ✐s ✵✳✽✵✸ µ❙✈✴❤✳ ❚❤❡ tr❡♥❞ t❤❛t s❝❡♥❛r✐♦s ✇✐t❤
❧❡ss❡r ✇✐♥❞ s♣❡❡❞ s❤♦✇ ❤✐❣❤❡r ❞♦s❡s ❝♦♥t✐♥✉❡s ❛s ❡①♣❡❝t❡❞✳ ■♥ ❋✐❣✉r❡ ✽✳✻ t❤❡ ❞♦s❡s
❛r❡ ❤✐❣❤❡r t❤❛♥ ❢♦r t❤❡ s❝❡♥❛r✐♦s ✇✐t❤ ✶ ❢✉❡❧ ❡❧❡♠❡♥t ♦r ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts ❡①♣♦s❡❞✱
st✐❧❧ t❤❡ ❞♦s❡s ❞r♦♣ ✐♥ t❤❡ ♥❡❛r ✈✐❝✐♥✐t② ♦❢ t❤❡ s♦✉r❝❡ ❜② ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡✳
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❋✐❣✉r❡ ✽✳✻✿ ❈♦♠♣❛r✐s♦♥ ♦❢ s✉♠♠❡r ❞❛② ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② ✭❜♦tt♦♠✮✱ s♠❛❧❧ ❛✐r✲
♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣

❚❤❡ s❝❡♥❛r✐♦s ✐♥ ❝❤❛♣t❡rs ✽✳✶ t♦ ✽✳✸ ❛❧❧ s❤♦✇ ♠❛①✐♠✉♠ ❞♦s❡ ✈❛❧✉❡s ❛r♦✉♥❞ t❤❡
♦r❞❡r ♦❢ ✶ ✲ ✷ µ❙✈✳ ❚❤✐s ❧✐❡s ✇❡❧❧ ❜❡❧♦✇ t❤❡ ❞♦s❡ ❧✐♠✐t ❣✐✈❡♥ ✐♥ t❤❡ ❆✉str✐❛♥ r❛❞✐❛t✐♦♥
♣r♦t❡❝t✐♦♥ ❧❛✇ ♦❢ ✶ ♠❙✈ ♣❡r ②❡❛r ❢♦r t❤❡ ♣✉❜❧✐❝✳ ❚❤❡r❡❢♦r❡ ✐♥ t❤❡ ❝❤❛♣t❡rs ✽✳✶ t♦ ✽✳✸
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♦♥❧② t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♠♦st r❡❧❡✈❛♥t s❝❡♥❛r✐♦s ✇❛s ❛♥❛❧②s❡❞✳ ❚❤❡ ❣r❛♣❤✐❝❛❧
♦✉t♣✉t ♦❢ ❛❧❧ s❝❡♥❛r✐♦s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❝❤❛♣t❡rs ✽✳✶ t♦ ✽✳✸ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❆♥♥❡①
❇✳✶✳

✽✳✹ ❆❝❝✐❞❡♥t ❙❝❡♥❛r✐♦ ✇✐t❤ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤

✽✳✹✳✶ ❘❡s✉❧ts ✇✐t❤ ✶ ②❡❛r ❜✉r♥✉♣

❚❤❡ ❢♦✉rt❤ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ✇❛s ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ✭s❡❡ ✼✳✷✳✹✮✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥
✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ❛ ❜✉r♥✉♣ ♦❢ ♦♥❡ ②❡❛r✳ ❚❛❜❧❡ ✽✳✶✸ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❘❖❉❖❙
s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❛✈❡r❛❣❡ ❞❛②s✳ ❚❤r❡❡ r❡♣r❡s❡♥t❛t✐✈❡ ✈❛❧✉❡s ❛r❡ ❛♥❛❧②s❡❞✿ ❚❤❡
t♦t❛❧ ❞♦s❡ ❛❢t❡r ♦♥❡ ②❡❛r ✭❡①❝❡♣t ✐♥❣❡st✐♦♥✮✱ t❤❡ t♦t❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡ r❛t❡ ❛♥❞ t❤❡
t♦t❛❧ ♣♦t❡♥t✐❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡✳ ❚❤❡ ✈❛❧✉❡s ❣✐✈❡♥ ❛r❡ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ t❤❡
s✐♠✉❧❛t✐♦♥✳ ❚❛❜❧❡ ✽✳✶✹ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❢♦r ♦♥❡ ②❡❛r ♦❢
❜✉r♥✉♣ ❛♥❞ t❤❡ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✳

❙♣r✐♥❣ ❞❛② ❙✉♠♠❡r ❞❛② ❆✉t✉♠♥ ❞❛② ❲✐♥t❡r ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❝❡♣t ✐♥❣❡s✲
t✐♦♥ ✶ ②❡❛r ❬♠❙✈❪

✷✳✼ ✸✳✶✽ ✸✳✷ ✶✳✽✸

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛
❞♦s❡ r❛t❡ ❛❧❧ ♥✉❝❧✐❞❡s
❬♠❙✈✴❤❪

✷✳✾✹ ✸✳✽✷ ✸✳✽ ✶✳✽✼

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝✲
t✐✈❡ ❬♠❙✈❪

✷✳✻✾ ✸✳✶✼ ✸✳✶✾ ✶✳✽✸

❚❛❜❧❡ ✽✳✶✸✿ ❘❖❉❖❙ r❡s✉❧ts ❛❢t❡r ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣✱ ❛✈❡r❛❣❡
s❝❡♥❛r✐♦s

❚❤✉♥❞❡rst♦r♠ ❞❛② ❋♦❣❣② ❞❛② ❍♦t ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❡♣t ✐♥❣❡st✐♦♥ ✶
②❡❛r ❬♠❙✈❪

✶✶✳✾ ✷✳✻✻ ✶✸✳✽

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛ ❞♦s❡
r❛t❡ ❛❧❧ ♥✉❝❧✐❞❡s ❬♠❙✈✴❤❪

✶✸✳✺ ✹✳✹ ✷✺✳✶

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝t✐✈❡
❬♠❙✈❪

✶✶✳✺ ✷✳✻✺ ✶✷✳✺

❚❛❜❧❡ ✽✳✶✹✿ ❘❖❉❖❙ r❡s✉❧ts ❛❢t❡r ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣✱ s♣❡❝✐✜❝
s❝❡♥❛r✐♦s
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❋♦r t❤❡ s❝❡♥❛r✐♦s ✇✐t❤ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ t❤❡ ✇❤♦❧❡ ❝♦r❡ ✐s ❡①♣♦s❡❞✱ ❛♥❞
t❤❡ ❜✉✐❧❞✐♥❣ ✐s ❞❡str♦②❡❞✳ ✭s❡❡ ❝❤❛♣t❡r ✼ ❢♦r t❤❡ s♦✉r❝❡ ❞❡s❝r✐♣t✐♦♥✮✳ ◆✉❝❧✐❞❡s ❝❛♥
s♣r❡❛❞✱ ❛♥❞ t❤✐s ✐s r❡✢❡❝t❡❞ ✐♥ t❤❡ ❞♦s❡ ❛♥❞ ❞♦s❡ r❛t❡ s❝❡♥❛r✐♦s✳ ❈♦♠♣❛r❡❞ t♦
♣r❡✈✐♦✉s r❡s✉❧ts ✭s❡❡ t❛❜❧❡s ✽✳✶ t♦ ✽✳✶✷ t❤❡ r❡s✉❧ts ❛r❡ ♥♦✇ ✸ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡
❤✐❣❤❡r✳ ❚❤✐s ❧✐❡s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ♣r❡✈✐♦✉s ✇♦r❦s ✭s❡❡ ❬✺❪✱ ❝❤❛♣t❡r ✹✳✶✻✲✹✳✶✾✮✳
❆❣❛✐♥✱ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s s❤♦✇ ❛ ❤✐❣❤❡r ❞♦s❡ ❛♥❞ ❞♦s❡ r❛t❡ r❡s✉❧t✳ ❚❤❡ ♠❛①✐✲
♠✉♠ ✐s ✶✸✳✽ ♠❙✈ ❢♦r t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦✳ ■♥ ♦r❞❡r t♦ ❛♥❛❧②s❡ ❛❧❧ r❡s✉❧ts ♠♦r❡
❞❡❡♣❧②✱ t❤❡ ❣r❛♣❤✐❝❛❧ ♦✉t♣✉t ♦❢ t❤❡ ❛✈❡r❛❣❡ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦s ✐s s❤♦✇♥
❜❡❧♦✇✳

❋✐❣✉r❡ ✽✳✼✿ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❛✈❡r❛❣❡ s♣r✐♥❣ ❞❛②✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣
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❋✐❣✉r❡ ✽✳✽✿ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❛✈❡r❛❣❡ s✉♠♠❡r ❞❛②✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣
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❋✐❣✉r❡ ✽✳✶✵✿ ❲✐♥t❡r ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣

❚❤❡ ❋✐❣✉r❡s ✽✳✼ t♦ ✽✳✶✵ s❤♦✇ ❛❧❧ t❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢ t❤❡ r❡❧❡❛s❡❞ ♥✉❝❧✐❞❡s ✇✐t❤
t❤❡ ♠❛✐♥ ✇✐♥❞ ❞✐r❡❝t✐♦♥✳ ❈♦♠♣❛r✐♥❣ t❤❡s❡ t♦ t❤❡ r❡s✉❧ts ♦❢ ❍❛②❞♥ ❬✺❪ t❤❡ ♠❛✐♥
❝♦♥t❛♠✐♥❛t❡❞ ❛r❡❛s ❛r❡ ❝♦♠♣❛r❛❜❧❡✳ ❍❛②❞♥s ✇♦r❦ ❬✺❪ s❤♦✇s ❛ st❛rt ♦❢ t❤❡ ❝♦♥t❛♠✲
✐♥❛t✐♦♥ s♦✉t❤ ♦❢ t❤❡ s♦✉r❝❡✱ ✐♥ t❤✐s ✇♦r❦✱ t❤❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ❛❧s♦ s❡❡♥ ❛r♦✉♥❞
t❤❡ s♦✉r❝❡✱ ❛♥❞ s♣r❡❛❞s t♦ t❤❡ s♦✉t❤✳ ■t✬s ✐♠♣♦ss✐❜❧❡ t❤❛t ❝♦♥t❛♠✐♥❛t✐♦♥ ✐s s♣r❡❛❞
♦♥❧② s♦✉t❤ ♦❢ t❤❡ s♦✉r❝❡✱ t❤✐s r❡s✉❧t ✐s ❞✉❡ t♦ t❤❡ s✐♠✉❧❛t✐♦♥ t♦♦❧✳ ❚❤✐s ✇♦r❦ s❤♦✇s
❛ ♠♦r❡ r❡❛❧✐st✐❝ ❛♣♣r♦❛❝❤ ❛♥❞ ♦✉t❝♦♠❡✳ ❚♦ ❛♥❛❧②③❡ t❤❡ ♦✉t❝♦♠❡ ♠♦r❡ ✐♥ ❞❡t❛✐❧✱
❛ ❝❧♦s❡r ❧♦♦❦ ❛t t❤❡ r❡s✉❧t ✐s ♥❡❝❡ss❛r②✳ ■♥ ❋✐❣✉r❡ ✽✳✶✶ ❛ ❝❧♦s❡r ❧♦♦❦ ❛t t❤❡ ✇✐♥t❡r
s❝❡♥❛r✐♦ ✐s ❞♦♥❡✳
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❋✐❣✉r❡ ✽✳✶✶✿ ❈❧♦s❡ ✉♣ ❧♦♦❦ ❛t t❤❡ ✇✐♥t❡r s❝❡♥❛r✐♦✱ ✶ ②❡❛r ❜✉r♥✉♣✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡
❝r❛s❤

❚❤❡ ❆✉str✐❛♥ r❛❞✐❛t✐♦♥ ♣r♦t❡❝t✐♦♥ ❧❛✇ ❧✐♠✐ts t❤❡ ❞♦s❡ ❢♦r ♣✉❜❧✐❝ t♦ ✶ ♠❙✈✴②❡❛r✱
✐♥ ❋✐❣✉r❡ ✽✳✶✶ t❤❡ ❛r❡❛s ❡①❝❡❡❞✐♥❣ ✶ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r ❛r❡ ✇✐t❤✐♥ t❤❡ ❜♦✉♥❞❛r②
❛r❡❛s ♦❢ t❤❡ ✐♥st✐t✉t❡ ✭❞❛r❦ ②❡❧❧♦✇ ❛r❡❛✮✳ ❚❤✐s ✐s s❤♦✇♥ ❛❧s♦ ♠♦r❡ ✐♥ ❞❡t❛✐❧ ✐♥
t❤❡ ♥❡①t s❡❝t✐♦♥ ✇✐t❤ t❤❡ ❛♥❛❧②s❡s ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ♦✉t❝♦♠❡s✳ ❚❤r♦✉❣❤♦✉t
t❤❡ s❡❛s♦♥s✱ t❤❡ r❡s✉❧ts ❤❛✈❡ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✻✹ ❢♦r t❤❡ t♦t❛❧ ❞♦s❡✱ ❢♦r
t❤❡ ❞♦s❡ r❛t❡ ✵✳✾✷ ❛♥❞ ❢♦r t❤❡ t♦t❛❧ ♣♦t❡♥t✐❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡ ✵✳✻✹✱ ❛s s❤♦✇♥ ✐♥
❚❛❜❧❡ ✽✳✶✸✳ ❚❤❡ ❛✉t✉♠♥ ❛♥❞ s✉♠♠❡r r❡s✉❧ts ❛r❡ t❤❡ ❤✐❣❤❡st✱ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t
t❤❡ r❛✐♥ r❛t❡ ✐s ❤✐❣❤✱ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❧♦✇ ✇✐♥❞ s♣❡❡❞ ✭s❡❡ s❡❝t✐♦♥ ✻✮✳ ❚❤✐s ✐s
❛ t②♣✐❝❛❧ ❱✐❡♥♥❡s❡ ♣❤❡♥♦♠❡♥♦♥✱ t❤❡ ✇✐♥❞ ✐s ❛❧✇❛②s ❜❧♦✇✐♥❣✱ ❡①❝❡♣t ❛❜♦✈❡ ✸✵◦❈
✇❤❡r❡ ✐t st♦♣s ❝♦♠♣❧❡t❡❧② ❛♥❞ ❧❡❛✈❡s t❤❡ ❱✐❡♥♥❡s❡ s✇❡❛t✐♥❣✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢
❛ ❧♦✇ ♣r❡❝✐♣✐t❛t✐♦♥ ❛♥❞ ❛♥ ❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞ ❧❡❛❞s t♦ t❤❡ ✇✐♥t❡r r❡s✉❧ts✱ ✇❤✐❝❤
❛r❡ ❧♦✇❡r t❤❛♥ t❤r♦✉❣❤♦✉t t❤❡ r❡st ♦❢ t❤❡ ②❡❛r✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s♥♦✇ ♥❡❡❞s
t♦ ❜❡ ❧♦♦❦❡❞ ❛t s❡♣❛r❛t❡❧②✱ ❜✉t t❤❡r❡ ✐s st✐❧❧ ♥♦ ❣♦♦❞ s✐♠✉❧❛t✐♦♥ ♣♦ss✐❜✐❧✐t② ❢♦r
s♥♦✇✳ ▲♦♦❦✐♥❣ ❛t t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✱ t❤❡ r❡s✉❧ts ❞✐✛❡r ❢r♦♠ t❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞
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❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❆❧s♦✱ ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ❧♦♦❦ ❛t ❡❛❝❤ s❝❡♥❛r✐♦ ✐s ♥❡❝❡ss❛r② t♦
❢✉rt❤❡r ❛♥❛❧②s❡ t❤✐s ♦✉t❝♦♠❡✳

❋✐❣✉r❡ ✽✳✶✷✿ ❚❤✉♥❞❡rst♦r♠ s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ❜✉r♥✉♣

❋✐❣✉r❡ ✽✳✶✷ s❤♦✇s t❤❡ s✐♠✉❧❛t❡❞ ❞✐s♣❡rs✐♦♥ r❡s✉❧ts ❢♦r ❛♥ s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ✇✐t❤ ❛
t❤✉♥❞❡rst♦r♠ ❞❛②✳ ❈♦♠♣❛r❡❞ t♦ ❋✐❣✉r❡s ✽✳✼ t♦ ✽✳✶✵ t❤❡ ❛✛❡❝t❡❞ ❛r❡❛s ❞♦♥✬t ♠❛t❝❤✳
❚❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ♠❡t❡♦r♦❧♦❣②✳ ❚❤❡ t❤✉♥❞❡rst♦r♠ ❞❛②
✇❛s ❝❤♦s❡♥ r❛♥❞♦♠❧②✱ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s r❡✢❡❝t t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ ✇✐♥❞ s♣❡❡❞
❛♥❞ ❞✐r❡❝t✐♦♥✱ ♦❢ ✇❤✐❝❤ t❤❡ t❤✉♥❞❡rst♦r♠ ❞❛② ✐s ♣❛rt✳ ❙t✐❧❧✱ t❤✐s s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡
t❤✉♥❞❡rst♦r♠ ❞❛② ❞❡♠♦♥str❛t❡s t❤❡ ♥❡❝❡ss✐t② ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✳
❈♦♥s✐❞❡r✐♥❣ ♦♥❧② t❤❡ ❛✈❡r❛❣❡✱ ✐t ✇♦✉❧❞ ♥♦t r❡✢❡❝t t❤❡ r❡❛❧✐t② ❛♥❞ ❞✐sr❡❣❛r❞ ♣♦ss✐❜❧❡
♥❡❝❡ss❛r② ❝♦✉♥t❡r♠❡❛s✉r❡s ❢♦r ❛✛❡❝t❡❞ r❡❣✐♦♥s✳ ■♥ t❤✐s s❝❡♥❛r✐♦ t❤❡ ❛r❡❛ s✉❜❥❡❝t❡❞
t♦ ❞♦s❡s ❛❜♦✈❡ ✶ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r ✐s ❜✐❣❣❡r t❤❛♥ ✐♥ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❆t
t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ✐♥st✐t✉t❡✱ t❤❡ ❞♦s❡ r❡❛❝❤❡s ✻✳✸✹ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r✳ ■t ✐s
❜❡❧♦✇ ✶ ♠❙✈ ❛t ✾✵✵ ♠ ✐♥ t❤❡ ♥♦rt❤ ❡❛st ❞✐r❡❝t✐♦♥✱ s❤♦✇✐♥❣ ❛ ❡❧❧✐♣t✐❝❛❧ ❢♦r♠ ♦❢
❞✐s♣❡rs✐♦♥✳ ❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ❡❧❧✐♣s❡ ✐s ✶✼✺ ♠✳ ❚❤❡ ❞♦s❡ ❞✐s♣❡rs✐♦♥ s❤♦✇s ❛ r❛♣✐❞
❞r♦♣✱ ❛t ✺✵✵ ♠ ❢r♦♠ t❤❡ s♦✉r❝❡ ✐t ✐s ❜❡❧♦✇ ✷ ♠❙✈✳
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❚❤✐s r❡✢❡❝ts ❛❧s♦ t❤❡ ♦t❤❡r t✇♦ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❛♥❞ t❤❡✐r ❞✐s♣❡rs✐♦♥✳

❋✐❣✉r❡ ✽✳✶✸✿ ❍♦t ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ❜✉r♥✉♣

❋✐❣✉r❡ ✽✳✶✹✿ ❋♦❣❣② ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ❜✉r♥✉♣
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■♥ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✭❋✐❣✉r❡ ✽✳✶✸✮ t❤❡ r❡❣✐♦♥s ❛✛❡❝t❡❞ ❜② ❞♦s❡s ❛❜♦✈❡ ✶ ♠❙✈
❛r❡ ❧♦❝❛t❡❞ ❝❧♦s❡ t♦ t❤❡ s♦✉r❝❡ ♦r✐❣✐♥✱ s❛♠❡ ❛s ✐♥ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❆❣❛✐♥ ❛s
r❛♥❞♦♠❧② ❛ ❞❛② ✇✐t❤ ❤♦t ✇❡❛t❤❡r ✇❛s ❝❤♦s❡♥✱ t❤❡ ❛r❡❛ ❛✛❡❝t❡❞ ❜② t❤❡ ❞✐s♣❡rs✐♦♥
❞♦❡s ♥♦t ❝♦✈❡r t❤❡ s❛♠❡ r❡❣✐♦♥s ❛s ✐♥ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❚❤❡ s❛♠❡ ❛r❣✉♠❡♥✲
t❛t✐♦♥ ❛♣♣❧✐❡s t♦ t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦✱ s❡❡ ❋✐❣✉r❡ ✽✳✶✹✳ ❍❡r❡ t❤❡ ❡✛❡❝t ✇✐t❤ t❤❡
❧♦❝❛❧✐③❡❞ ❤✐❣❤ ❞♦s❡ ❛r❡❛ ✐s ❡✈❡♥ str♦♥❣❡r✱ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ✇✐♥❞ s♣❡❡❞ ❛♥❞
t❤❡ ♣r❡❝✐♣✐t❛t✐♦♥ ✐♥ t❤✐s s❝❡♥❛r✐♦ ❛r❡ ✈❡r② ❧♦✇✳ ❙♦ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✐s ❝✐r❝✉❧❛r
❛r♦✉♥❞ t❤❡ s♦✉r❝❡ ❧♦❝❛t✐♦♥✱ ❛♥❞ ✐s ♦♥❧② ❞✐str✐❜✉t❡❞ t♦ ❛ ✈❡r② s♠❛❧❧ ❡①t❡♥❞ ✇✐t❤ t❤❡
✇✐♥❞✳ ❆❣❛✐♥ t❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞ ♣❤❡♥♦♠❡♥♦♥ ♦❢ t❤❡ r❛♥❞♦♠❧② ❝❤♦s❡♥ ❞❛② s❤♦✇s
❤♦✇ ✐♠♣♦rt❛♥t ✐t ✐s t♦ ❧♦♦❦ ❛t ✐♥❞✐✈✐❞✉❛❧ s❝❡♥❛r✐♦s ❢♦r ❛ s❛❢❡t② ❛♥❛❧②s✐s✱ ❛♥❞ ♥♦t
♦♥❧② ❝♦♥s✐❞❡r t❤❡ ❛✈❡r❛❣❡✳ ❚❤❡ ❞♦s❡ ❞r♦♣s ❤❡r❡ ❜❡❧♦✇ ✶✵ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r
✐♥s✐❞❡ ♦❢ t❤❡ ✐♥st✐t✉t❡✬s ❜♦✉♥❞❛r✐❡s✱ r❡❛❝❤❡s ✷ ♠❙✈ ❛t ✷✵✵ ♠ ✐♥ ❛❧❧ ❞✐r❡❝t✐♦♥s ❢r♦♠
t❤❡ s♦✉r❝❡ ❧♦❝❛t✐♦♥✱ ❛♥❞ ✐s ❜❡❧♦✇ ✶ ♠❙✈ ❛t ✷✻✵ ♠ ❢r♦♠ t❤❡ s♦✉r❝❡ ❧♦❝❛t✐♦♥✳

✽✳✹✳✷ ❘❡s✉❧ts ✇✐t❤ ✶✶ ②❡❛rs ❜✉r♥✉♣

❋♦r t❤❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ✧❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✧ ✭s❡❡ ✼✳✷✳✹✮ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ✇❛s
♣❡r❢♦r♠❡❞ ❢♦r ❛ ❜✉r♥✉♣ ♦❢ ✶✶ ②❡❛rs✳ ❚❛❜❧❡ ✽✳✶✺ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❘❖❉❖❙
s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❛✈❡r❛❣❡ ❞❛②s✳ ❚❤r❡❡ r❡♣r❡s❡♥t❛t✐✈❡ ✈❛❧✉❡s ❛r❡ ❛♥❛❧②s❡❞✿ ❚❤❡
t♦t❛❧ ❞♦s❡ ❛❢t❡r ♦♥❡ ②❡❛r ✭❡①❝❡♣t ✐♥❣❡st✐♦♥✮✱ t❤❡ t♦t❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡ r❛t❡ ❛♥❞ t❤❡
t♦t❛❧ ♣♦t❡♥t✐❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡✳ ❚❤❡ ✈❛❧✉❡s ❣✐✈❡♥ ❛r❡ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ t❤❡
s✐♠✉❧❛t✐♦♥✳ ❚❛❜❧❡ ✽✳✶✻ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❢♦r ✶✶ ②❡❛rs ♦❢
❜✉r♥✉♣ ❛♥❞ t❤❡ ❡①♣♦s✉r❡ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts✳

❙♣r✐♥❣ ❞❛② ❙✉♠♠❡r ❞❛② ❆✉t✉♠♥ ❞❛② ❲✐♥t❡r ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❡♣t ✐♥❣❡st✐♦♥
✶ ②❡❛r ❬♠❙✈❪

✷✳✻✸ ✸✳✵✾ ✸✳✶✶ ✶✳✼✽

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛
❞♦s❡ r❛t❡ ❛❧❧ ♥✉❝❧✐❞❡s
❬♠❙✈✴❤❪

✷✳✽✻ ✸✳✼✷ ✸✳✼ ✶✳✽✷

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝✲
t✐✈❡ ❬♠❙✈❪

✷✳✻✷ ✸✳✵✽ ✸✳✶✶ ✶✳✼✽

❚❛❜❧❡ ✽✳✶✺✿ ❘❖❉❖❙ r❡s✉❧ts ❛❢t❡r ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣✱ ❛✈❡r❛❣❡
s❝❡♥❛r✐♦s

❚❤r♦✉❣❤♦✉t t❤❡ s❡❛s♦♥s✱ t❤❡ r❡s✉❧ts ❤❛✈❡ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✵✳✺✹ ❢♦r t❤❡
t♦t❛❧ ❞♦s❡✱ ❢♦r t❤❡ ❞♦s❡ r❛t❡ ✵✳✼✽ ❛♥❞ ❢♦r t❤❡ t♦t❛❧ ♣♦t❡♥t✐❛❧ ❡✛❡❝t✐✈❡ ❞♦s❡ ✵✳✺✹✱ ❛s

✽✹
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s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✶✺✳ ❚❤❡ ❛✉t✉♠♥ ❛♥❞ s✉♠♠❡r r❡s✉❧ts ❛r❡ t❤❡ ❤✐❣❤❡st✱ ❞✉❡ t♦ t❤❡
❢❛❝t t❤❛t t❤❡ r❛✐♥ r❛t❡ ✐s ❤✐❣❤✱ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❧♦✇ ✇✐♥❞ s♣❡❡❞ ✭s❡❡ s❡❝t✐♦♥ ✻✮✳
❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛ ❧♦✇ ♣r❡❝✐♣✐t❛t✐♦♥ ❛♥❞ ❛♥ ❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞ ❧❡❛❞s t♦ t❤❡
✇✐♥t❡r r❡s✉❧ts✱ ✇❤✐❝❤ ❛r❡ ❧♦✇❡r t❤❛♥ t❤r♦✉❣❤♦✉t t❤❡ r❡st ♦❢ t❤❡ ②❡❛r✳ ❚❤❡ ✐♥✢✉❡♥❝❡
♦❢ s♥♦✇ ♥❡❡❞s t♦ ❜❡ ❧♦♦❦❡❞ ❛t s❡♣❛r❛t❡❧②✱ ❜✉t t❤❡r❡ ✐s st✐❧❧ ♥♦ ❣♦♦❞ s✐♠✉❧❛t✐♦♥
♣♦ss✐❜✐❧✐t② ❢♦r s♥♦✇✳ ❈♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ✶✶ ②❡❛rs ❜✉r♥✉♣ t♦ t❤♦s❡ ♦❢ ✶
②❡❛r ❜✉r♥✉♣✱ t❤❡② s❤♦✇ ❛❣❛✐♥ s✐♠✐❧❛r✱ ❜✉t s❧✐❣❤t❧② ❧♦✇❡r r❡s✉❧ts✳ ❚❤❡ ♠❛①✐♠✉♠
❞♦s❡ ✐s ✸✳✶✶ ♠❙✈✱ t❤❡ ♠❛①✐♠✉♠ ❞♦s❡ r❛t❡ ✐s ✸✳✼✷ ♠❙✈✴❤✳ ❋✐❣✉r❡s ✽✳✶✺ t♦ ✽✳✶✽ s❤♦✇
t❤❡ ❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡ ❞✐s♣❡rs✐♦♥ s✐♠✉❧❛t✐♦♥✳

❋✐❣✉r❡ ✽✳✶✺✿ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❛✈❡r❛❣❡ s♣r✐♥❣ ❞❛②✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣
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❋✐❣✉r❡ ✽✳✶✻✿ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❛✈❡r❛❣❡ s✉♠♠❡r ❞❛②✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣

❋✐❣✉r❡ ✽✳✶✼✿ ❆✉t✉♠♥ ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣
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❋✐❣✉r❡ ✽✳✶✽✿ ❲✐♥t❡r ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣

❆s ❞❡s❝r✐❜❡❞ ✐♥ ✽✳✹✳✶ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s s❤♦✇❡❞ ❛ ❞✐str✐❜✉t✐♦♥ ✐♥t♦ t❤❡ ♠❛✐♥
✇✐♥❞ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❆✉str✐❛♥ r❛❞✐❛t✐♦♥ ♣r♦t❡❝t✐♦♥ ❧❛✇ ❧✐♠✐ts t❤❡ ❞♦s❡ ❢♦r ♣✉❜❧✐❝ t♦
✶ ♠❙✈✴②❡❛r✱ ✐♥ ❋✐❣✉r❡ ✽✳✶✾ t❤❡ ❛r❡❛s ❡①❝❡❡❞✐♥❣ ✶ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r ❛r❡ ✇✐t❤✐♥
t❤❡ ❜♦✉♥❞❛r② ❛r❡❛s ♦❢ t❤❡ ✐♥st✐t✉t❡ ✭❞❛r❦ ②❡❧❧♦✇ ❛r❡❛✮✳ ❚❤✐s ✐s s❤♦✇♥ ❛❧s♦ ♠♦r❡ ✐♥
❞❡t❛✐❧ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥ ✇✐t❤ t❤❡ ❛♥❛❧②s❡s ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ♦✉t❝♦♠❡s✳

✽✼

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❋✐❣✉r❡ ✽✳✶✾✿ ❈❧♦s❡ ✉♣ ❧♦♦❦ ❛t t❤❡ ✇✐♥t❡r s❝❡♥❛r✐♦✱ ✶✶ ②❡❛rs ❜✉r♥✉♣✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡
❝r❛s❤

▲♦♦❦✐♥❣ ❛t t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✱ t❤❡ r❡s✉❧ts ❞✐✛❡r ❢r♦♠ t❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞
❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❆❧s♦✱ ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ❧♦♦❦ ❛t ❡❛❝❤ s❝❡♥❛r✐♦ ✐s ♥❡❝❡ss❛r② t♦
❢✉rt❤❡r ❛♥❛❧②s❡ t❤✐s ♦✉t❝♦♠❡✳

❚❤✉♥❞❡rst♦r♠ ❞❛② ❋♦❣❣② ❞❛② ❍♦t ❞❛②
t♦t❛❧ ❞♦s❡ ❡①❡♣t ✐♥❣❡st✐♦♥ ✶
②❡❛r ❬♠❙✈❪

✶✶✳✻ ✷✳✺✾ ✶✸✳✺

t♦t❛❧ ❡✛❡❝t✐✈❡ ❣❛♠♠❛ ❞♦s❡
r❛t❡ ❛❧❧ ♥✉❝❧✐❞❡s ❬♠❙✈✴❤❪

✶✸✳✶ ✹✳✷✽ ✷✹✳✹

t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ❡✛❡❝t✐✈❡
❬♠❙✈❪

✶✶✳✷ ✷✳✺✽ ✶✷✳✷

❚❛❜❧❡ ✽✳✶✻✿ ❘❖❉❖❙ r❡s✉❧ts ❛❢t❡r ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣✱ s♣❡❝✐✜❝
s❝❡♥❛r✐♦s
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❋✐❣✉r❡ ✽✳✷✵✿ ❚❤✉♥❞❡rst♦r♠ s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ❜✉r♥✉♣
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❋✐❣✉r❡ ✽✳✷✵ s❤♦✇s t❤❡ s✐♠✉❧❛t❡❞ ❞✐s♣❡rs✐♦♥ r❡s✉❧ts ❢♦r ❛♥ s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ✇✐t❤
❛ t❤✉♥❞❡rst♦r♠ ❞❛②✳ ❈♦♠♣❛r❡❞ t♦ ❋✐❣✉r❡s ✽✳✶✺ t♦ ✽✳✶✽ t❤❡ ❛✛❡❝t❡❞ ❛r❡❛s ❞♦♥✬t
♠❛t❝❤✳ ❚❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ♠❡t❡♦r♦❧♦❣②✳ ❚❤❡ t❤✉♥❞❡r✲
st♦r♠ ❞❛② ✇❛s ❝❤♦s❡♥ r❛♥❞♦♠❧②✱ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s r❡✢❡❝t t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡
✇✐♥❞ s♣❡❡❞ ❛♥❞ ❞✐r❡❝t✐♦♥✱ ♦❢ ✇❤✐❝❤ t❤❡ t❤✉♥❞❡rst♦r♠ ❞❛② ✐s ♣❛rt✳ ❙t✐❧❧✱ t❤✐s s✐♠✲
✉❧❛t✐♦♥ ♦❢ t❤❡ t❤✉♥❞❡rst♦r♠ ❞❛② ❞❡♠♦♥str❛t❡s t❤❡ ♥❡❝❡ss✐t② ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢
s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✳ ❈♦♥s✐❞❡r✐♥❣ ♦♥❧② t❤❡ ❛✈❡r❛❣❡✱ ✐t ✇♦✉❧❞ ♥♦t r❡✢❡❝t t❤❡ r❡❛❧✐t② ❛♥❞
❞✐sr❡❣❛r❞ ♣♦ss✐❜❧❡ ♥❡❝❡ss❛r② ❝♦✉♥t❡r♠❡❛s✉r❡s ❢♦r ❛✛❡❝t❡❞ r❡❣✐♦♥s✳ ■♥ t❤✐s s❝❡♥❛r✐♦
t❤❡ ❛r❡❛ s✉❜❥❡❝t❡❞ t♦ ❞♦s❡s ❛❜♦✈❡ ✶ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r ✐s ❜✐❣❣❡r t❤❛♥ ✐♥ t❤❡
❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❆t t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ✐♥st✐t✉t❡✱ t❤❡ ❞♦s❡ r❡❛❝❤❡s ✻✳✸✹ ♠❙✈
✐♥ t❤❡ ✜rst ②❡❛r ✭s❡❡ ✽✳✷✶✮✳ ■t ✐s ❜❡❧♦✇ ✶ ♠❙✈ ❛t ✾✵✵ ♠ ✐♥ t❤❡ ♥♦rt❤ ❡❛st ❞✐r❡❝t✐♦♥✱
s❤♦✇✐♥❣ ❛ ❡❧❧✐♣t✐❝❛❧ ❢♦r♠ ♦❢ ❞✐s♣❡rs✐♦♥✳ ❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ❡❧❧✐♣s❡ ✐s ✶✼✺ ♠✳ ❚❤❡
❞♦s❡ ❞✐s♣❡rs✐♦♥ s❤♦✇s ❛ r❛♣✐❞ ❞r♦♣✱ ❛t ✺✵✵ ♠ ❢r♦♠ t❤❡ s♦✉r❝❡ ✐t ✐s ❜❡❧♦✇ ✷ ♠❙✈✳

❚❤✐s r❡✢❡❝ts ❛❧s♦ t❤❡ ♦t❤❡r t✇♦ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❛♥❞ t❤❡✐r ❞✐s♣❡rs✐♦♥✳
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❋✐❣✉r❡ ✽✳✷✸✿ ❋♦❣❣② ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ❜✉r♥✉♣

❋✐❣✉r❡ ✽✳✷✹✿ ❈❧♦s❡ ✉♣ ❧♦♦❦ ❛t t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs
❜✉r♥✉♣
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■♥ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✭❋✐❣✉r❡ ✽✳✷✷✮ t❤❡ r❡❣✐♦♥s ❛✛❡❝t❡❞ ❜② ❞♦s❡s ❛❜♦✈❡ ✶ ♠❙✈
❛r❡ ❧♦❝❛t❡❞ ❝❧♦s❡ t♦ t❤❡ s♦✉r❝❡ ♦r✐❣✐♥✱ s❛♠❡ ❛s ✐♥ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❆❣❛✐♥ ❛s
r❛♥❞♦♠❧② ❛ ❞❛② ✇✐t❤ ❤♦t ✇❡❛t❤❡r ✇❛s ❝❤♦s❡♥✱ t❤❡ ❛r❡❛ ❛✛❡❝t❡❞ ❜② t❤❡ ❞✐s♣❡rs✐♦♥
❞♦❡s ♥♦t ❝♦✈❡r t❤❡ s❛♠❡ r❡❣✐♦♥s ❛s ✐♥ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ❚❤❡ s❛♠❡ ❛r❣✉♠❡♥✲
t❛t✐♦♥ ❛♣♣❧✐❡s t♦ t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦✱ s❡❡ ❋✐❣✉r❡ ✽✳✷✸✳ ❍❡r❡ t❤❡ ❡✛❡❝t ✇✐t❤ t❤❡
❧♦❝❛❧✐③❡❞ ❤✐❣❤ ❞♦s❡ ❛r❡❛ ✐s ❡✈❡♥ str♦♥❣❡r ✭s❡❡ ✽✳✷✹✮✱ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ✇✐♥❞
s♣❡❡❞ ❛♥❞ t❤❡ ♣r❡❝✐♣✐t❛t✐♦♥ ✐♥ t❤✐s s❝❡♥❛r✐♦ ❛r❡ ✈❡r② ❧♦✇✳ ❙♦ t❤❡ ❞♦s❡ ❞✐str✐❜✉✲
t✐♦♥ ✐s ❝✐r❝✉❧❛r ❛r♦✉♥❞ t❤❡ s♦✉r❝❡ ❧♦❝❛t✐♦♥✱ ❛♥❞ ✐s ♦♥❧② ❞✐str✐❜✉t❡❞ t♦ ❛ ✈❡r② s♠❛❧❧
❡①t❡♥❞ ✇✐t❤ t❤❡ ✇✐♥❞✳ ❆❣❛✐♥ t❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞ ♣❤❡♥♦♠❡♥♦♥ ♦❢ t❤❡ r❛♥❞♦♠❧②
❝❤♦s❡♥ ❞❛② s❤♦✇s ❤♦✇ ✐♠♣♦rt❛♥t ✐t ✐s t♦ ❧♦♦❦ ❛t ✐♥❞✐✈✐❞✉❛❧ s❝❡♥❛r✐♦s ❢♦r ❛ s❛❢❡t②
❛♥❛❧②s✐s✱ ❛♥❞ ♥♦t ♦♥❧② ❝♦♥s✐❞❡r t❤❡ ❛✈❡r❛❣❡✳ ❚❤❡ ❞♦s❡ ❞r♦♣s ❤❡r❡ ❜❡❧♦✇ ✶✵ ♠❙✈
✐♥ t❤❡ ✜rst ②❡❛r ✐♥s✐❞❡ ♦❢ t❤❡ ✐♥st✐t✉t❡✬s ❜♦✉♥❞❛r✐❡s✱ r❡❛❝❤❡s ✷ ♠❙✈ ❛t ✷✵✵ ♠ ✐♥ ❛❧❧
❞✐r❡❝t✐♦♥s ❢r♦♠ t❤❡ s♦✉r❝❡ ❧♦❝❛t✐♦♥✱ ❛♥❞ ✐s ❜❡❧♦✇ ✶ ♠❙✈ ❛t ✷✻✵ ♠ ❢r♦♠ t❤❡ s♦✉r❝❡
❧♦❝❛t✐♦♥✳

✽✳✹✳✸ ❙✉♠♠❛r②

❚❛❜❧❡s ✽✳✶✱ ✽✳✷✱ ✽✳✸ ❛♥❞ ✽✳✹ s❤♦✇ t❤❡ ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ❡①♣♦s✉r❡
♦❢ ✶ ❢✉❡❧ ❡❧❡♠❡♥t ✇✐t❤ ✶ ②❡❛r ❛♥❞ ✶✶ ②❡❛rs ❜✉r♥✉♣✳ ❚❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r
✶ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✷✳✸✽ ❊✲✺ ♠❙✈ ❢♦r ✶ ②❡❛r ❜✉r♥✉♣
❛♥❞ t❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r ❢♦r ✶✶ ②❡❛rs ❜✉r♥✉♣ r❡s✉❧ts ❛❧s♦ ❢r♦♠
t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✷✳✸ ❊✲✺ ♠❙✈✳ ❋✐❣✉r❡s ✽✳✶ t♦ ✽✳✷ s❤♦✇ t❤❡ ❣r❛♣❤✐❝❛❧
r❡s✉❧ts ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✳
❚❛❜❧❡s ✽✳✺✱ ✽✳✻✱ ✽✳✼ ❛♥❞ ✽✳✽ s❤♦✇ t❤❡ ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ❡①♣♦s✉r❡

♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts ✇✐t❤ ✶ ②❡❛r ❛♥❞ ✶✶ ②❡❛rs ❜✉r♥✉♣✳ ❚❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡
❛❢t❡r ✶ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✳✶✽ µ❙✈ ❢♦r ✶ ②❡❛r ❜✉r♥✉♣ ❛♥❞
t❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r ❢♦r ✶✶ ②❡❛rs ❜✉r♥✉♣ r❡s✉❧ts ❛❧s♦ ❢r♦♠ t❤❡ ❤♦t
❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✳✶✺ µ❙✈✳ ❋✐❣✉r❡s ✽✳✸ t♦ ✽✳✹ s❤♦✇ t❤❡ ❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡
s✐♠✉❧❛t✐♦♥✳
❚❛❜❧❡s ✽✳✾✱ ✽✳✶✵✱ ✽✳✶✶ ❛♥❞ ✽✳✶✷ s❤♦✇ t❤❡ ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡

❡①♣♦s✉r❡ ❛❢t❡r ❛ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤ ✇✐t❤ ✶ ②❡❛r ❛♥❞ ✶✶ ②❡❛rs ❜✉r♥✉♣✳ ❚❤❡
❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✳✾✷ µ❙✈
❢♦r ✶ ②❡❛r ❜✉r♥✉♣ ❛♥❞ t❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r ❢♦r ✶✶ ②❡❛rs ❜✉r♥✉♣
r❡s✉❧ts ❛❧s♦ ❢r♦♠ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✳✽✽ µ❙✈✳ ❋✐❣✉r❡s ✽✳✺ t♦ ✽✳✻ s❤♦✇ t❤❡
❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✳ ■♥ ❆♥♥❡① ❬❇✳✶❪ ❛r❡ ❛❧❧ ❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡
s✐♠✉❧❛t✐♦♥s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳
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❚❛❜❧❡s ✽✳✶✸✱ ✽✳✶✹✱ ✽✳✶✺ ❛♥❞ ✽✳✶✻ s❤♦✇ t❤❡ ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡
❡①♣♦s✉r❡ ❛❢t❡r ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ✇✐t❤ ✶ ❛♥❞ ✶✶ ②❡❛rs ❜✉r♥✉♣✳ ❚❤❡ ❤✐❣❤❡st
❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✸✳✽ ♠❙✈ ❢♦r
✶ ②❡❛r ❜✉r♥✉♣✱ t❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r r❡s✉❧ts ❛❧s♦ ❢r♦♠ t❤❡ ❤♦t
❞❛② s❝❡♥❛r✐♦ ❛❢t❡r ✶✶ ②❡❛rs ❜✉r♥✉♣ ✇✐t❤ ✶✸✳✺ ♠❙✈✳ ❋✐❣✉r❡s ✽✳✼ t♦ ✽✳✶✵ s❤♦✇ t❤❡
❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❛✈❡r❛❣❡ ❞❛② s❝❡♥❛r✐♦s✳ ❋✐❣✉r❡s ✽✳✶✷ t♦
✽✳✶✹ s❤♦✇ t❤❡ ❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ s♣❡❝✐✜❝ ❞❛② s❝❡♥❛r✐♦s✳ ❚❤❡
❛✛❡❝t❡❞ ❛r❡❛s ❢♦r t❤❡ ❛✈❡r❛❣❡ ❞❛② s❝❡♥❛r✐♦s ❛r❡ ✇✐t❤✐♥ t❤❡ ♠❛✐♥ ✇✐♥❞✲❞✐r❡❝t✐♦♥ ✐♥
t❤❡ s♦✉t❤✲❡❛st❡r♥ r❡❣✐♦♥ ❢r♦♠ t❤❡ s♦✉r❝❡✱ ✇❤✐❧❡ ❢♦r t❤❡ s♣❡❝✐✜❝ ❞❛②s✲s❝❡♥❛r✐♦s t❤❡②
❧✐❡ ❝❧♦s❡ t♦ t❤❡ s♦✉r❝❡ ✭❢♦❣❣② ❞❛②✮ ♦r ✐♥ t❤❡ ♥♦rt❤✲✇❡st❡r♥ ❞✐r❡❝t✐♦♥✳ ✭t❤✉♥❞❡rst♦r♠
❞❛②✮✳
❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s ✇✐t❤ ✶ ❢✉❡❧ ❡❧❡♠❡♥t ❡①♣♦s❡❞✱ ❛❧❧ ❢✉❡❧ ❡❧❡✲

♠❡♥ts ❡①♣♦s❡❞ ❛♥❞ t❤❡ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❤♦✇ t❤❛t t❤❡ ❡①♣♦s✉r❡ ❢♦r t❤❡ ♣✉❜❧✐❝
✐s ✇❡❧❧ ❜❡❧♦✇ ✶ ♠❙✈✴②❡❛r✳ ❚❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ❢♦r t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦ ✇❛s ✵✳✸ µ❙✈
✐♥ t❤❡ ✜rst ②❡❛r ❛❢t❡r t❤❡ ❛❝❝✐❞❡♥t✱ ❢♦r t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ✐t ✇❛s ✶✳✾✷ µ❙✈ ✐♥ t❤❡
✜rst ②❡❛r ❛❢t❡r t❤❡ ❛❝❝✐❞❡♥t✳ ❚❤❡ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❤♦✇❡❞
❛ ♠❛①✐♠✉♠ ❞♦s❡ ✐♥ t❤❡ ✜rst ②❡❛r ❛❢t❡r t❤❡ ❛❝❝✐❞❡♥t ♦❢ ✸✳✷ ♠❙✈ ❢♦r t❤❡ ❛✈❡r❛❣❡
s❝❡♥❛r✐♦s✱ ❛♥❞ ❛ ♠❛①✐♠✉♠ ❞♦s❡ ♦❢ ✶✸✳✽ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r ❢♦r t❤❡ s♣❡❝✐✜❝ s❝❡✲
♥❛r✐♦s✳ ❋♦r t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s t❤❡ ❞♦s❡ ❞r♦♣♣❡❞ ❜❡❧♦✇ ✶ ♠❙✈ ❛t ✾✵✵ ♠ ❢r♦♠
t❤❡ s♦✉r❝❡✳ ❚❤❡ ❝❤♦s❡♥ ✇❡❛t❤❡r s❝❡♥❛r✐♦s s❤♦✇❡❞ t❤❡ ♥❡❝❡ss✐t② ♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢
s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✳ ❙✐♠✉❧❛t✐♦♥ ♦❢ s❝❡♥❛r✐♦s t❤❛t r❡♣r❡s❡♥t ♦♥❧② t❤❡ ❛✈❡r❛❣❡ ✇❡❛t❤❡r
❝♦♥❞✐t✐♦♥s ✇✐❧❧ ❧❡❛❞ t♦ ✇r♦♥❣❧② ♣❧❛♥♥❡❞ ❛♥❞ ❤❡♥❝❡ ✐♥❡✛❡❝t✐✈❡ ❝♦✉♥t❡r♠❡❛s✉r❡s✳ ■❢
❝♦✉♥t❡r♠❡❛s✉r❡s ❛r❡ t♦ ❜❡ ♣r❡♣❛r❡❞ ❜② t❤❡ ❛✉t❤♦r✐t✐❡s✱ t❤❡② ♥❡❡❞ t♦ ❧♦♦❦ ❛t t❤❡
s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✱ ✇❤✐❝❤ r❡♣r❡s❡♥t t❤❡ ✇♦rst ❝❛s❡s✳ ◆❡✈❡rt❤❡❧❡ss ❡✈❡♥ ✐♥ ❝❛s❡ ♦❢
t❤❡ ✉♥❧✐❦❡❧② ❡✈❡♥t ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s s❤♦✇ t❤❛t ✐t ✐s
✉♥❧✐❦❡❧② t❤❛t ♣❛r❛❣r❛♣❤ ✶✹ ♦❢ t❤❡ ❆✉str✐❛♥ ❘❛❞✐❛t✐♦♥ Pr♦t❡❝t✐♦♥ ▲❛✇ ✇✐❧❧ ❜❡ ♠❡t✱
✇❤✐❝❤ ✐s s❡t t♦ ✺ ♠❙✈ ✐♥ ✺ ②❡❛rs ✐♥ ❛✈❡r❛❣❡✳
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✾ ❈❛❧❝✉❧❛t✐♦♥s ✇✐t❤ ▲❆❙❆■❘

❚❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ♣r♦❣r❛♠ ▲❆❙❆■❘✳
▲❆❙❆■❘ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✺✳ ❚❤❡ ▲❆❙❆■❘ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❛r❡ ❧❡ss ✢❡①✐❜❧❡
❝♦♠♣❛r❡❞ t♦ ❘❖❉❖❙✱ ❤❡♥❝❡ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ s❝❡♥❛r✐♦s ❤❛❞ t♦ ❜❡ ❛❞❛♣t❡❞✳ ❙✐♥❝❡
t❤❡ ❘❖❉❖❙ ❝❛❧❝✉❧❛t✐♦♥ s❤♦✇❡❞ ♦♥❧② ❛ s✐❣♥✐✜❝❛♥t ❞♦s❡ ❢♦r t❤❡ ❜✐❣ ❛✐r♣❧❛♥❡ ❝r❛s❤
s❝❡♥❛r✐♦✱ t❤❡ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥ ✇❛s ♦♥❧② ♣❡r❢♦r♠❡❞ ❢♦r t❤❡ ❜✐❣ ❛✐r♣❧❛♥❡ ❝r❛s❤
s❝❡♥❛r✐♦✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ♠❡t❡♦r♦❧♦❣✐❝❛❧ s❝❡♥❛r✐♦s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞✿

❼ ❆✈❡r❛❣❡ s♣r✐♥❣ ❞❛②

❼ ❆✈❡r❛❣❡ s✉♠♠❡r ❞❛②

❼ ❆✈❡r❛❣❡ ❛✉t✉♠♥ ❞❛②

❼ ❆✈❡r❛❣❡ ✇✐♥t❡r ❞❛②

❼ ❍♦t ❞❛②

❼ ❋♦❣❣② ❞❛②

❼ ❚❤✉♥❞❡rst♦r♠ ❞❛②

❆s ❞❡s❝r✐❜❡❞ ✐♥ ✻✳✷✳✾ t❤❡ ✇❡❛t❤❡r ❞❛t❛ ❢♦r t❤❡ t❤✉♥❞❡rst♦r♠ s❝❡♥❛r✐♦ ❛♥❞ t❤❡ ❢♦❣❣②
❞❛② s❝❡♥❛r✐♦ ❤❛❞ t♦ ❜❡ ❛❞❛♣t❡❞ ❢♦r t❤❡ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ s❝❡♥❛r✐♦s ✇❡r❡
♦♥❧② ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❜✉r♥✉♣ ❞❛t❛ ❛❢t❡r ✶ ②❡❛r ♦❢ r❡❛❝t♦r ♦♣❡r❛t✐♦♥✳ ❚❤❡ s♦✉r❝❡
t❡r♠ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✼✳✸✳ ❚❤❡ ✐♥♣✉t ❞❛t❛ ✈❛r✐❡❞ ♦♥❧② ❢♦r t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧
❛♥❞ s♦✉r❝❡ t❡r♠ ❞❛t❛✳ ❆❧❧ ♦t❤❡r ♣❛r❛♠❡t❡rs ✇❡r❡ t❛❦❡♥ ❛s ❢♦❧❧♦✇s✿ ❚❤❡ ❝❤✐♠♥❡②
✐s ❛ss✉♠❡❞ t♦ ❜❡ ✷✵ ♠ ❤✐❣❤ ❛♥❞ ❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ ✶✳✺ ♠✳ ❚❤❡ r❡❧❡❛s❡ t❛❦❡s ✻✵✵ s✱
❛♥❞ ❛❧❧ r❡❧❡❛s❡❞ ♣❛rt✐❝❧❡s ❛r❡ s♠❛❧❧❡r t❤❡♥ ✷✳✺ µ♠✳ ❚❤❡ ♣r❡❞✐❝t✐♦♥ ✐s s✐♠✉❧❛t❡❞ ❢♦r
✶ ❤♦✉r✳
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✾✳✶ ❘❡s✉❧ts

✾✳✶✳✶ ❙♣r✐♥❣ ❞❛② r❡s✉❧ts

❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ s♣r✐♥❣ ❞❛② s❝❡♥❛r✐♦ ✐s ✸✳✶✺ ♠❙✈✳
❆❞❞✐♥❣ ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❢ ✵✳✵✺ ♠♠ ♦❢ r❛✐♥ ❢♦r t❤❡ t✐♠❡ ♦❢ s✐♠✉❧❛t✐♦♥✱ t❤❡ ♠❛①✐♠✉♠
❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✶✳✺✶ × 109 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡ ✾✳✶ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥
♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✐s s❤♦✇♥✳ ❚❤❡ ❧✐♥❡ ♦♥ t❤❡ ❞♦s❡
❞✐str✐❜✉t✐♦♥ ✜❣✉r❡ ❡q✉❛❧s ✶ ♠❙✈✳

❋✐❣✉r❡ ✾✳✶✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r
✶ ②❡❛r ✐♥ ❝❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ♦♥ ❛♥ ❛✈❡r❛❣❡ s♣r✐♥❣ ❞❛②

✾✳✶✳✷ ❙✉♠♠❡r ❞❛② r❡s✉❧ts

❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ s✉♠♠❡r ❞❛② s❝❡♥❛r✐♦ ✐s ✵✳✼✹✻ ♠❙✈✳
❆❞❞✐♥❣ ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❢ ✵✳✶ ♠♠ ♦❢ r❛✐♥ ❢♦r t❤❡ t✐♠❡ ♦❢ s✐♠✉❧❛t✐♦♥✱ t❤❡ ♠❛①✐♠✉♠
❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✷✳✾✽ × 108 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡ ✾✳✷ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥
♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✐s s❤♦✇♥✳
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. ❋✐❣✉r❡ ✾✳✷✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r

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

✾✳✶✳✸ ❆✉t✉♠♥ ❞❛② r❡s✉❧ts

❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ ❛✉t✉♠♥ ❞❛② s❝❡♥❛r✐♦ ✐s ✷✳✻✶ ♠❙✈✳
❆❞❞✐♥❣ ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❢ ✵✱✵✺ ♠♠ ♦❢ r❛✐♥ ❢♦r t❤❡ t✐♠❡ ♦❢ s✐♠✉❧❛t✐♦♥✱ t❤❡ ♠❛①✐♠✉♠
❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✹✳✹ × 108 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡ ✾✳✸ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥
♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✐s s❤♦✇♥✳ ❚❤❡ ❧✐♥❡ ♦♥ t❤❡ ❞♦s❡
❞✐str✐❜✉t✐♦♥ ✜❣✉r❡ ❡q✉❛❧s ✶ ♠❙✈✳

❋✐❣✉r❡ ✾✳✸✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r
✶ ②❡❛r ✐♥ ❝❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ♦♥ ❛♥ ❛✈❡r❛❣❡ ❛✉t✉♠♥ ❞❛②
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✾✳✶✳✹ ❲✐♥t❡r ❞❛② r❡s✉❧ts

❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ s✉♠♠❡r ❞❛② s❝❡♥❛r✐♦ ✐s ✶✳✽✺
♠❙✈✳ ❆❞❞✐♥❣ ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❢ ✵✱✵✸✹ ♠♠ ♦❢ r❛✐♥ ❢♦r t❤❡ t✐♠❡ ♦❢ s✐♠✉❧❛t✐♦♥✱ t❤❡
♠❛①✐♠✉♠ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✷✳✷✺ × 109 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡ ✾✳✹ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥
✐s s❤♦✇♥ ♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✐s s❤♦✇♥✳ ❚❤❡ ❧✐♥❡ ♦♥
t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✜❣✉r❡ ❡q✉❛❧s ✶ ♠❙✈✳

❋✐❣✉r❡ ✾✳✹✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r
✶ ②❡❛r ✐♥ ❝❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ♦♥ ❛♥ ❛✈❡r❛❣❡ ✇✐♥t❡r ❞❛②

✾✳✶✳✺ ❍♦t ❞❛② r❡s✉❧ts

❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✐s ✵✳✼✼✼ ♠❙✈✳ ❚❤❡
♠❛①✐♠✉♠ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✽✳✼✾ × 108 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡ ✾✳✺ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥
✐s s❤♦✇♥ ♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✐s s❤♦✇♥✳
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. ❋✐❣✉r❡ ✾✳✺✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r

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

✾✳✶✳✻ ❋♦❣❣② ❞❛② r❡s✉❧ts

❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✐s ✸✳✶✷ ♠❙✈✳
▲❆❙❆■❘ ❞♦❡s ♥♦t ❛❧❧♦✇ ❛ ♥♦ ✇✐♥❞ s✐t✉❛t✐♦♥✱ ❤❡♥❝❡ t❤❡ s♠❛❧❧❡st ♣♦ss✐❜❧❡ ✇✐♥❞
s♣❡❡❞ ✇❛s t❛❦❡♥ ♦❢ ✵✳✺ ♠✴s✳ ❆❞❞✐♥❣ ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❢ ✵✳✵✶ ♠♠ ♦❢ r❛✐♥ ❢♦r t❤❡
t✐♠❡ ♦❢ s✐♠✉❧❛t✐♦♥✱ t❤❡ ♠❛①✐♠✉♠ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✷✳✽✾ × 109 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡
✾✳✻ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥ ♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥
✐s s❤♦✇♥✳ ❚❤❡ ❧✐♥❡ ♦♥ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✜❣✉r❡ ❡q✉❛❧s ✶ ♠❙✈✳

❋✐❣✉r❡ ✾✳✻✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r
✶ ②❡❛r ✐♥ ❝❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ♦♥ ❛ ❢♦❣❣② ❞❛②
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✾✳✶✳✼ ❚❤✉♥❞❡rst♦r♠ ❞❛② r❡s✉❧ts

■♥ ❝♦♥tr❛st t♦ t❤❡ ♦t❤❡r s❝❡♥❛r✐♦s✱ ♦♥❧② t❤❡ ❤♦✉r ♦❢ t❤❡ t❤✉♥❞❡rst♦r♠ ✇❛s s✐♠✉❧❛t❡❞✳
❚❤❡ ♠❛①✐♠✉♠ γ ✲ ❣r♦✉♥❞ ❞♦s❡ ✐♥ ✶ ②❡❛r ❢♦r t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✐s ✵✳✶✷✹ ♠❙✈✳
❆❞❞✐♥❣ ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❢ ✶✼✳✻ ♠♠ ♦❢ r❛✐♥ ❢♦r t❤❡ t✐♠❡ ♦❢ s✐♠✉❧❛t✐♦♥✱ t❤❡ ♠❛①✐♠✉♠
❝♦♥t❛♠✐♥❛t✐♦♥ ✐s ✾✳✼ × 108 ❇q✴♠2✳ ■♥ ❋✐❣✉r❡ ✾✳✼ t❤❡ ❞♦s❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥
♦♥ t❤❡ ❧❡❢t s✐❞❡✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✐s s❤♦✇♥✳

❋✐❣✉r❡ ✾✳✼✿ ▲❡❢t✿ ❚❤❡ γ✲❣r♦✉♥❞ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ r✐❣❤t✿ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛❝t✐✈✐t② ❛❢t❡r
✶ ②❡❛r ✐♥ ❝❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ ❞✉r✐♥❣ ❛ t❤✉♥❞❡rst♦r♠

✾✳✶✳✽ ❙✉♠♠❛r②

■♥ ❚❛❜❧❡ ✾✳✶ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥s ❛r❡ s❤♦✇♥✳

❙❝❡♥❛r✐♦ ❉♦s❡ ❬♠❙✈❪ ❉❡♣♦s✐t✐♦♥❬Bq/m2❪
❙♣r✐♥❣ ❞❛② ✸✳✶✺ ✶✳✺✶❊✰✵✾
❙✉♠♠❡r ❞❛② ✵✳✼✹✻ ✷✳✾✽❊✰✵✽
❆✉t✉♠♥ ❞❛② ✷✳✻✶ ✹✳✹✵❊✰✵✽
❲✐♥t❡r ❞❛② ✶✳✽✺ ✷✳✷✺❊✰✵✾
❍♦t ❞❛② ✵✳✼✼✼ ✽✳✼✾❊✰✵✽
❋♦❣❣② ❞❛② ✸✳✶✷ ✷✳✽✾❊✰✵✾
❚❤✉♥❞❡rst♦r♠ ❞❛② ✵✳✶✷✹ ✾✳✼✵❊✰✵✽

❚❛❜❧❡ ✾✳✶✿ ❙✉♠♠❛r② ♦❢ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ✇✐t❤ ▲❆❙❆■❘✱ ❞♦s❡ ❛♥❞ ❞❡♣♦s✐t✐♦♥ ❛r❡
❛❝❝✉♠✉❧❛t❡❞ ✈❛❧✉❡s ❛❢t❡r ✶ ②❡❛r
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✶✵ ❈♦♠♣❛r✐s♦♥ ♦❢ ❘❖❉❖❙ ❛♥❞

▲❆❙❆■❘

✶✵✳✶ ●❡♥❡r❛❧ ❝♦♠♣❛r✐s♦♥ ♦❢ ❘❖❉❖❙ ❛♥❞ ▲❆❙❆■❘

❛s s✐♠✉❧❛t✐♦♥ t♦♦❧s

❚❤❡ s✐♠✉❧❛t✐♦♥ t♦♦❧ ❘❖❉❖❙ ✇❛s ❞❡✈❡❧♦♣❡❞ ❛❢t❡r t❤❡ ❈❤❡r♥♦❜②❧ ❛❝❝✐❞❡♥t✳ ■t ♣r♦✲
✈✐❞❡s ❛ q✉✐❝❦ ❡st✐♠❛t✐♦♥ ♦❢ ❝♦♥s❡q✉❡♥❝❡s ❛♥❞ ♣♦ss✐❜❧❡ ❝♦✉♥t❡r♠❡❛s✉r❡s ❛❢t❡r ❛
♥✉❝❧❡❛r ❛❝❝✐❞❡♥t✳ ❘❖❉❖❙ ♦✛❡rs ✹ ❞✐✛❡r❡♥t ❝♦♠♣✉t❛t✐♦♥❛❧ ♠♦❞❡❧s✿

❼ ❆❚❙❚❊P✿ ❛ ●❛✉ss✐❛♥ ♠♦❞❡❧

❼ ❘■▼P❯❋❋✿ ❛ ●❛✉ss✐❛♥ ♠♦❞❡❧

❼ ❉■P❈❖❚✿ ❛ ♣❛rt✐❝❧❡ ♠♦❞❡❧

❼ ▲❆❙❆❚✿ ❛ ▲❛❣r❛♥❣✐❛♥ ♣❛rt✐❝❧❡ ♠♦❞❡❧

❚❤❡ s✐♠✉❧❛t✐♦♥ t♦♦❧ ▲❆❙❆■❘ ✇❛s ❞❡✈❡❧♦♣❡❞ t♦ s✐♠✉❧❛t❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ♥✉❝❧❡❛r
❡①♣❧♦s✐♦♥s ♦r ✜r❡s ✐♥ ♥✉❝❧❡❛r ❢❛❝✐❧✐t✐❡s✳ ■t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ♠♦❞❡❧
▲❆❙❆❚✳

✶✵✳✷ ❈♦♠♣❛r✐s♦♥ ♦❢ ✐♥♣✉t ❞❛t❛

❘❖❉❖❙ ❣❡♥❡r❛❧ ✐♥♣✉t ❞❛t❛ ❛r❡ s✐t❡ ✐♥❢♦r♠❛t✐♦♥✱ s♦✉r❝❡ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ✇❡❛t❤❡r
❞❛t❛✳ ❚❤❡ s♦✉r❝❡ ✐♥❢♦r♠❛t✐♦♥ ❞❛t❛ ❛r❡ ✢❡①✐❜❧❡ ✇✐t❤ ♥✉❝❧✐❞❡s ✭❛❧❧ ♥✉❝❧✐❞❡s ♣♦ss✐❜❧❡✮
❛♥❞ t✐♠✐♥❣ ✭r❡❧❡❛s❡ ♦❢ ❛❧❧ ♥✉❝❧✐❞❡s ❛t ♦♥❝❡ ♦r ❛t ❞✐✛❡r❡♥t t✐♠❡ st❡♣s✮✳ ❚❤❡ s♦✉r❝❡
❞❛t❛ ✐s ❛❞❞❡❞ ❜❡❢♦r❡ t❤❡ s✐♠✉❧❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞✳ ❲❡❛t❤❡r ❞❛t❛ ❝♦♥t❛✐♥s ✇✐♥❞
s♣❡❡❞ ❛♥❞ ❞✐r❡❝t✐♦♥✱ r❛✐♥ r❛t❡ ❛♥❞ t❤❡ st❛❜✐❧✐t② ❝❧❛ss ❢♦r ❛ ❝❤♦s❡♥ t✐♠❡ ✐♥t❡r✈❛❧✳
❚❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥ ✐s ❛❞❞❡❞ ❢♦r ❛ ❝❤♦s❡♥ t✐♠❡ ✐♥t❡r✈❛❧ ✭♠✐♥✉t❡s✱ ❤♦✉rs

✶✵✵
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♦r ❞❛②s✮✳ ❆s ❘❖❉❖❙ ♣r♦✈✐❞❡s ❝♦✉♥t❡r♠❡❛s✉r❡ ✐♥❢♦r♠❛t✐♦♥✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❛❞❞
✇❡❛t❤❡r ❞❛t❛ ✉♥t✐❧ t❤❡ ❡♥❞ ♦❢ t❤❡ ❝♦✉♥t❡r♠❡❛s✉r❡s✳ ▲❆❙❆■❘ ✐♥♣✉t ❞❛t❛ ❛r❡ ❧♦❝❛✲
t✐♦♥✱ ✇✐♥❞ s♣❡❡❞ ❛♥❞ ❞✐r❡❝t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ st❛❜✐❧✐t② ❝❧❛ss✳ ■t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦
s✐♠✉❧❛t❡ ✇✐t❤♦✉t ✇✐♥❞✳ ❚❤❡ ♠✐♥✐♠✉♠ ✇✐♥❞ s♣❡❡❞ ✐s ✵✳✺ ♠✴s✳ ❚❤❡ s♦✉r❝❡ ✐♥❢♦r✲
♠❛t✐♦♥ ✐s ❛❞❞❡❞ ❛❢t❡r t❤❡ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ s♦✉r❝❡ t❡r♠ ❝♦♥t❛✐♥s ✺ ♥✉❝❧✐❞❡s✳ ❚❤❡
♣r❡❝✐♣✐t❛t✐♦♥ ✐s ❛❧s♦ ❛❞❞❡❞ ❛❢t❡r t❤❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ♦✈❡r t❤❡ s✐♠✉❧❛t❡❞
t✐♠❡✳ ❈♦♠♣❛r✐♥❣ t❤❡ ✐♥♣✉t ❞❛t❛✱ ✐t s❤♦✇s t❤❛t ▲❆❙❆■❘ ✐s ♦♣t✐♠✐③❡❞ ❢♦r q✉✐❝❦
❝❛❧❝✉❧❛t✐♦♥s ❛❢t❡r ❡①♣❧♦s✐♦♥ s❝❡♥❛r✐♦s✱ ♥♦t ❢♦r ❧♦♥❣❡r t❡r♠ ♣r♦❣♥♦st✐❝ ✐♥❢♦r♠❛t✐♦♥
❛❢t❡r ❜✐❣❣❡r ❡✈❡♥ts ❛s ❘❖❉❖❙✳ ❘❖❉❖❙ ♦✛❡rs ❛ ✇✐❞❡r ✈❛r✐❡t② ♦❢ ✐♥♣✉t ♣❛r❛♠❡t❡rs✱
t❤❡② ❝❛♥ ❜❡ ❛❞❛♣t❡❞ ❢♦r s♠❛❧❧ t✐♠❡ st❡♣s✳ ❚❤❡r❡ ❛r❡ ♥♦ ❧✐♠✐t❛t✐♦♥s ♦♥ ✇❡❛t❤❡r
❝♦♥❞✐t✐♦♥s✳ ❘❖❉❖❙ ❝❛♥ s✐♠✉❧❛t❡ ♣r❡❝✐s❡ ✇❡❛t❤❡r s❝❡♥❛r✐♦s✳ ■♥ ❘❖❉❖❙ t❤❡ s♦✉r❝❡
t❡r♠ ✐s ♥♦t ❧✐♠✐t❡❞✱ ✐♥ ▲❆❙❆■❘ ♦♥❧② ✺ ♥✉❝❧✐❞❡s ❛r❡ ✐♥❝❧✉❞❡❞✳ ❆ ❝❤♦✐❝❡ ♦❢ ♥✉❝❧✐❞❡s
❢♦r ❝♦♠♣❛r✐s♦♥ r❡❛s♦♥s ✐s ❞✐✣❝✉❧t✳

✶✵✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ ♦✉t♣✉t ❞❛t❛

❘❖❉❖❙ ♦✉t♣✉t ❞❛t❛ ❝♦♥t❛✐♥✿

❼ ❛❝t✐✈✐t② ❝♦♥❝❡♥tr❛t✐♦♥s

❼ ❛❝✉t❡ ❞♦s❡✴❞♦s❡ ✇✐t❤♦✉t ❡❛r❧② ❡♠❡r❣❡♥❝② ❛❝t✐♦♥s

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

❼ ❛r❡❛s ❛✛❡❝t❡❞ ❜②

❼ ❝❧♦✉❞ ❛rr✐✈❛❧ t✐♠❡

❼ ❞❛② ♦❢ ❡①❝❡❡❞✐♥❣ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❧❡✈❡❧

❼ ❞♦s❡ r❛t❡s

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

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

❼ ✐♥t❡r✈❡♥t✐♦♥ ❞♦s❡s

❼ ❧♦♥❣t❡r♠ ❞♦s❡s

✶✵✶
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❼ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥

❼ ♣♦t❡♥t✐❛❧ ❞♦s❡s

❊❛❝❤ ♦❢ t❤❡ ❛❜♦✈❡ ❧✐st❡❞ ✐t❡♠s ❝♦♥t❛✐♥s s✉❜❢♦❧❞❡rs✱ ❢♦r s♣❡❝✐✜❝ ♥✉❝❧✐❞❡s✱ ♦r ♣❛rts
♦❢ t❤❡ ❢♦♦❞ ❝❤❛✐♥✳ ❉❡t❛✐❧s ❢♦r s♣❡❝✐✜❝ ♦✉t♣✉t ❞❛t❛ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✸✸❪✳ ❋♦r t❤✐s
✇♦r❦ ♦♥❧② t❤❡ ♣♦✐♥ts ❞♦s❡ r❛t❡s✱ ❧♦♥❣ t❡r♠ ❞♦s❡s ❛♥❞ ♣♦t❡♥t✐❛❧ ❞♦s❡s ✇❡r❡ ✉s❡❞✳
❚❤❡ ❞♦s❡ r❛t❡ ♣♦✐♥t ❝♦♥t❛✐♥s

❼ ❋r♦♠ ❣r♦✉♥❞ ✭❞❡♣♦s✐t✐♦♥ ♦♥ ✐❞❡❛❧ ❧❛✇♥❀ ♥✉❝❧✐❞❡ s♣❡❝✐✜❝✱ ❝♦♥tr✐❜✉t✐♦♥s ♦❢
♥♦❜❧❡ ❣❛s❡s ❛r❡ ③❡r♦✮

❼ ❋r♦♠ ❝❧♦✉❞ ✭♥✉❝❧✐❞❡ s✉♠✮

❼ ❋r♦♠ ❣r♦✉♥❞ ✭❞❡♣♦s✐t✐♦♥ ♦♥ ✐❞❡❛❧ ❧❛✇♥❀ ♥✉❝❧✐❞❡ s✉♠✮

❼ ❚♦t❛❧ ❞♦s❡ r❛t❡ ✭s✉♠ ♦❢ ❝❧♦✉❞ ❛♥❞ ❣r♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥❀ ♥✉❝❧✐❞❡ s✉♠✮✳

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

❼ ❣r♦✉♥❞ ❞♦s❡

❼ ✐♥❣❡st✐♦♥ ❞♦s❡

❼ ✐♥❤❛❧❛t✐♦♥ ❞♦s❡ ✭♥♦r♠❛❧ ❜r❡❛t❤✮

❼ t♦t❛❧ ❞♦s❡ ❢r♦♠ ❛❧❧ ❡①♣♦s✉r❡ ❡①❝❡♣t ✐♥❣❡st✐♦♥

❋♦r ❝❛❧❝✉❧❛t✐♦♥s ✐♥ t❤✐s ✇♦r❦✱ t❤❡ ❧❛st ♣♦✐♥t✱ t♦t❛❧ ❞♦s❡ ❢r♦♠ ❛❧❧ ❡①♣♦s✉r❡ ❡①❝❡♣t
✐♥❣❡st✐♦♥ ✇❛s ✉s❡❞✳
❚❤❡ ♣♦✐♥t ♣♦t❡♥t✐❛❧ ❞♦s❡s ❝♦♥t❛✐♥s✿

❼ ❝❧♦✉❞ ❣❛♠♠❛ ❞♦s❡

❼ ❣r♦✉♥❞ ❣❛♠♠❛ ❞♦s❡

❼ ✐♥❤❛❧❛t✐♦♥ ❞♦s❡

❼ t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡

✕ ❜♦♥❡ ♠❛rr♦✇

✶✵✷
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✕ ❡✛❡❝t✐✈❡

✕ ❧✉♥❣

✕ t❤②r♦✐❞

✕ ✉t❡r✉s

❼ ❧♦❝❛❧ s❦✐♥ ❞♦s❡

❋♦r ❝❛❧❝✉❧❛t✐♦♥s ✐♥ t❤✐s ✇♦r❦✱ t❤❡ ♣♦✐♥t t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞♦s❡ ✲ ❡✛❡❝t✐✈❡ ✇❛s ✉s❡❞✳
❘❖❉❖❙ ❤❛s ❤✉❣❡ ❝❛♣❛❝✐t✐❡s r❡❣❛r❞✐♥❣ ♦✉t♣✉t ❞❛t❛✳ ❖♥❧② ❛ r❡❞✉❝❡❞ s❡t ♦❢ ♣❛r❛♠✲
❡t❡rs ✇❛s ✉s❡❞ ❢♦r t❤✐s ✇♦r❦✳ ❚❤❡② ✇❡r❡ s✉✣❝✐❡♥t ❢♦r t❤❡ ❞❛t❛ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡
s❛❢❡t② ❛♥❛❧②s✐s✳ ❆❧❧ ♦✉t♣✉t ❞❛t❛ ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❛♥❞ st♦r❡❞ ❛♥❞ ❝❛♥
❜❡ ❡①tr❛❝t❡❞ ✐❢ ♥❡❡❞❡❞✳
▲❆❙❆■❘ ♥❡❡❞s✱ ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ♦♥❧② t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛ ❢♦r ✐ts s✐♠✉❧❛✲

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

❼ ■♥❤❛❧❛t✐♦♥ ❞♦s❡ ❢♦r ❛❞✉❧ts✱ ❝❤✐❧❞r❡♥ ♦r ✐♥❢❛♥ts✱ ❝❛♥ ❜❡ s♣❡❝✐✜❡❞ ❢♦r ♦r❣❛♥s

❼ ❆❝t✐✈✐t② ✲ t❤✐s ✐s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ❛❝t✐✈✐t② ♦✈❡r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ t✐♠❡

❼ ❉❡♣♦s✐t✐♦♥ ✲ t❤✐s ✐s t❤❡ ❝♦♠♣❧❡t❡ ❛❝t✐✈✐t② ♣❡r sq✉❛r❡ ♠❡t❡r ♦❢ ❞❡♣♦s❡❞ ❛❝t✐✈✐t②✱
✇❡t ♦r ❞r②

❼ ●❛♠♠❛ ❉♦s❡ ✇✐t❤ ♦r ✇✐t❤♦✉t ❣r♦✉♥❞ r❛❞✐❛t✐♦♥✱ ✐t✬s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡
●❡r♠❛♥ ✐♥❝✐❞❡♥t ❝❛❧❝✉❧❛t✐♦♥ ❞❛t❛✳

❼ ●❛♠♠❛ ❛❝t✐✈✐t② ✲ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ❣❛♠♠❛ ♥✉❝❧✐❞❡s ♦✈❡r t❤❡ ❝❛❧❝✉❧❛t✐♦♥
t✐♠❡

❋♦r t❤✐s ✇♦r❦✱ t❤❡ ❣❛♠♠❛ ❞♦s❡ ✇✐t❤ ❣r♦✉♥❞ r❛❞✐❛t✐♦♥ ❛♥❞ t❤❡ ❞❡♣♦s✐t✐♦♥ ❛❢t❡r
♣r❡❝✐♣✐t❛t✐♦♥ ✇❛s ✉s❡❞✳ ▲❆❙❆■❘ ✐s ♦♣t✐♠✐③❡❞ ❢♦r ❝❛❧❝✉❧❛t✐♦♥s ♦❢ ✺ ♥✉❝❧✐❞❡s✱ ❞✉❡
t♦ t❤❡ ❢❛❝t ✐t ✐s ❞❡s✐❣♥❡❞ ❢♦r ❡①♣❧♦s✐♦♥ ♦r ✜r❡ ✐♥❝✐❞❡♥t s❝❡♥❛r✐♦s✳ ❚❤❡ ♦✉t♣✉t ❞❛t❛
❝♦♥t❛✐♥ ♥❡❝❡ss❛r② ✐♥❢♦r♠❛t✐♦♥ r❡❣❛r❞✐♥❣ ❞♦s❡ ❛♥❞ ❛❝t✐✈✐t②✳ ❘❖❉❖❙ ✐s ❞❡s✐❣♥❡❞
❢♦r ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦ ❝❛❧❝✉❧❛t✐♦♥s ✐♥ ◆PPs✱ ✐ts ♦✉t♣✉t ❞❛t❛ ❝♦♥t❛✐♥ ♥♦t ♦♥❧② ✐♥✲
❢♦r♠❛t✐♦♥ ♦♥ ❞♦s❡ ❛♥❞ ❛❝t✐✈✐t② ❜✉t ❛❧s♦ ♦♥ ♣♦ss✐❜❧❡ ❝♦✉♥t❡r♠❡❛s✉r❡s ✭❢♦♦❞ ❝❤❛✐♥✱
❛❣r✐❝✉❧t✉r❡✱ ❧♦♥❣ t❡r♠ ❡✛❡❝ts✮✳
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✶✵✳✹ ❈♦♠♣❛r✐s♦♥ ♦❢ ❘❡s✉❧ts

❚❤❡ ❛✐♠ ♦❢ t❤✐s ✇♦r❦ ✇❛s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❞✐s♣❡rs✐♦♥ ♦❢ r❛❞✐♦♥✉❝❧✐❞❡s ❛❢t❡r ❢♦✉r
❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s ❢♦r t❤❡ ❚❘■●❆ ▼❆❘❑ ■■ ❘❡❛❝t♦r ❱✐❡♥♥❛✳ ❚✇♦ ❞✐✛❡r❡♥t s✐♠✉✲
❧❛t✐♦♥ t♦♦❧s ✇❡r❡ ✉s❡❞ ❢♦r t❤✐s ❝❛❧❝✉❧❛t✐♦♥✱ ❘❖❉❖❙ ❛♥❞ ▲❆❙❆■❘✳ ❚❤❡ s✐♠✉❧❛t✐♦♥s
✇❡r❡ ✜rst ♣❡r❢♦r♠❡❞ ✇✐t❤ ❘❖❉❖❙ ❛♥❞ ✐♥ ❛ s❡❝♦♥❞ st❡♣ ✇✐t❤ ▲❆❙❆■❘✳ ❘❖❉❖❙
r❡s✉❧ts s❤♦✇❡❞ ♦♥❧② s✐❣♥✐✜❝❛♥t ❞♦s❡s ❢♦r t❤❡ ❜✐❣ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❤❡♥❝❡ t❤❡
❝❛❧❝✉❧❛t✐♦♥s ✇✐t❤ ▲❆❙❆■❘ ✇❡r❡ ♦♥❧② ♣❡r❢♦r♠❡❞ ❢♦r t❤✐s s❝❡♥❛r✐♦✳ ■♥ t❤❡ ♥❡①t ♣❛r❛✲
❣r❛♣❤s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ r❡s✉❧ts ❤❛s ❜❡❡♥ ❡✈❛❧✉❛t❡❞✳ ❆ q✉❛♥t✐t❛t✐✈❡ ❝♦♠♣❛r✐s♦♥
✐s ♥♦t ❢❡❛s✐❜❧❡ ❞✉❡ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣♦✐♥ts✿ ❚❤❡ r❡❧❡❛s❡ t✐♠❡s ✉s❡❞ ✐♥ ❘❖❉❖❙
❛♥❞ ▲❆❙❆■❘ ❞✐✛❡r✳ ❋♦r ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥ ❛ ✶❤ r❡❧❡❛s❡ t✐♠❡ ✇❛s ❝❤♦s❡♥ t♦ st❛②
❝♦♥s✐st❡♥t ✇✐t❤ ♣r❡✈✐♦✉s ✇♦r❦s✳ ❚❤✐s ✇❛s ♥♦t ♣♦ss✐❜❧❡ ✐♥ ▲❆❙❆■❘✱ ❤❡♥❝❡ ✶✵ ♠✐♥
r❡❧❡❛s❡ t✐♠❡ ✇❡r❡ ✉s❡❞✳ ❚❤❡ ♣r❡❞✐❝t✐♦♥ t✐♠❡s ❛❧t❡r❡❞✱ ❘❖❉❖❙ ♦✛❡rs ❛ ✷✹ ❤ ♣r❡❞✐❝✲
t✐♦♥✱ ▲❆❙❆■❘ ♦♥❧② ✶ ❤✳ ❘❖❉❖❙ ❤❛s t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ♣✉t t✐♠❡ ❡✈♦❧✈✐♥❣ ✇❡❛t❤❡r
❞❛t❛ ✐♥t♦ t❤❡ s✐♠✉❧❛t✐♦♥✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✻✳✷✳✾ ▲❆❙❆■❘ ❞♦❡s ♥♦t ♦✛❡r t❤✐s
♣♦ss✐❜✐❧✐t②✱ ♦♥❧② ❛ ♠❡❛♥ ✈❛❧✉❡ ❢♦r ✇✐♥❞ s♣❡❡❞ ❛♥❞ t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❝❛♥ ❜❡ ♣✉t
✐♥t♦ t❤❡ s✐♠✉❧❛t✐♦♥✳ ❆❧s♦ ▲❆❙❆■❘ ❞♦❡s ♥♦t ❛❧❧♦✇ ❛ s❝❡♥❛r✐♦ ✇✐t❤♦✉t ✇✐♥❞✳ ❉✉❡
t♦ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ♣♦✐♥ts✱ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞♦s❡ r❡s✉❧ts ✐s ♥♦t ♣♦ss✐❜❧❡✳
❚❤❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs ✇❡r❡ ❛❧t❡r❡❞ ❢♦r ▲❆❙❆■❘✱ ❛♥❞ ❞♦ ♥♦t r❡✢❡❝t t❤❡ s❛♠❡ ♠❡✲
t❡♦r♦❧♦❣✐❝❛❧ s❝❡♥❛r✐♦ ❛♥② ♠♦r❡✳ ❚❤❡ ♥✉❝❧✐❞❡ ✐♥♣✉t ❢♦r ▲❆❙❆■❘ ❤❛❞ t♦ ❜❡ r❡❞✉❝❡❞
t♦ ✜✈❡ ♥✉❝❧✐❞❡s✳ ■s ❛ ❝♦♠♣❛r✐s♦♥ ❝♦♠♣❧❡t❡❧② ✐♠♣♦ss✐❜❧❡❄ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♣♦✐♥ts
✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts t❤❛t s❤♦✇ s✐♠✐❧❛r✐t✐❡s✿ ❚❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦ r❡s✉❧ts s❤♦✇
✇✐t❤ ❜♦t❤ s✐♠✉❧❛t✐♦♥ t♦♦❧s ❛ ❞✐s♣❡rs✐♦♥ r❡❧❡❛s❡ ✇✐t❤ t❤❡ ♠❛✐♥ ✇✐♥❞ ❞✐r❡❝t✐♦♥✳ ❚❤✐s
♥❡❡❞s t♦ ❜❡ ❝❛r❡❢✉❧❧② ❡✈❛❧✉❛t❡❞ ❢♦r ▲❆❙❆■❘✱ ❛s t❤❡ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ✇❛s ❛✈❡r❛❣❡❞✳
▲❆❙❆■❘ ❞♦❡s ♦♥❧② ❛❧❧♦✇ t❤❡ ✐♥♣✉t ♦❢ t❤❡ ✇✐♥❞ s♣❡❡❞✱ ✇✐♥❞ ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ r❛✐♥
r❛t❡ ❛t t❤❡ t✐♠❡ ♦❢ r❡❧❡❛s❡✳ ❚❤❡r❡ ✐s ♥♦ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ ❝❤❛♥❣❡ ♦✈❡r t❤❡ r❡❧❡❛s❡
t✐♠❡✳ ❋♦r ✐ts ❞❡s✐❣♥❡❞ ♣✉r♣♦s❡ ✭❡①♣❧♦s✐♦♥ ♦r ✜r❡ s❝❡♥❛r✐♦✮ t❤✐s ✇♦r❦s ♦✉t ✐❢ t❤❡r❡
✐s ♥♦ ❝❤❛♥❣❡ ✐♥ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ t❤❡ t✐♠❡ ♦❢ r❡❧❡❛s❡✳ ■t ✐s ♦♥❧②
❛ s♥❛♣ s❤♦t✳ ❘❖❉❖❙ ❛❧❧♦✇s ❝❤❛♥❣❡s ♦❢ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❝♦♥❞✐t✐♦♥s✳ ▲♦♦❦✐♥❣ ❛t t❤❡
s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ t♦♦❧s ❜❡❝♦♠❡s ✐♠♣♦ss✐❜❧❡✳ ❚❤❡ ✐♥♣✉t ❞❛t❛
❢♦r ▲❆❙❆■❘ ✇❡r❡ ❛❞❛♣t❡❞ t♦♦ ♠✉❝❤ ✭s❡❡ ❝❤❛♣t❡r ✻✳✷✳✾✮ t♦ r❡✢❡❝t t❤❡ ♦r✐❣✐♥❛❧ ♠❡✲
t❡♦r♦❧♦❣✐❝❛❧ ❝♦♥❞✐t✐♦♥✳ ❚❤❡ ❡①❝❧✉s✐♦♥ ♦❢ ✑♥♦ ✇✐♥❞ s❝❡♥❛r✐♦s✑ ❛❧t❡rs t❤❡ ✐♥♣✉t ❞❛t❛
✐♥ ❛ ✇❛② t❤❛t t❤❡ ❞♦♥✬t r❡✢❡❝t t❤❡ ✐♥♣✉t✳
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✶✵✳✺ ❙✉♠♠❛r②

❘❖❉❖❙ ✇❛s ❞❡✈❡❧♦♣❡❞ ❛❢t❡r t❤❡ ❈❤❡r♥♦❜②❧ ❛❝❝✐❞❡♥t ❛s ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ t♦♦❧✳
❲✐t❤ ✐ts ❢❛st ❝❛❧❝✉❧❛t✐♦♥ t✐♠❡s ❛♥❞ ✐ts ❣r❛♣❤✐❝❛❧ ♦✉t♣✉t ✐t ✐s ❛♥ ✐❞❡❛❧ t♦♦❧ t♦ s✐♠✉❧❛t❡
❝♦♥s❡q✉❡♥❝❡s ❛❢t❡r ♠❛❥♦r ◆PP ❛❝❝✐❞❡♥ts✳ ■t ♦✛❡rs t❤❡ ❝❤♦✐❝❡ ♦❢ s❡✈❡r❛❧ ♠♦❞❡❧
❝❤❛✐♥s ❢♦r ✐ts s✐♠✉❧❛t✐♦♥ ✭❆❚❙❚❊P✱ ❘■▼P❯❋❋✱ ❉■P❈❖❚ ❛♥❞ ▲❆❙❆❚✮✳ ▲❆❙❆■❘
✇❛s ❞❡✈❡❧♦♣❡❞ ❛s ❛ t♦♦❧ ❢♦r ❝♦♥s❡q✉❡♥❝❡ s✐♠✉❧❛t✐♦♥ ❛❢t❡r ♥✉❝❧❡❛r ❡①♣❧♦s✐♦♥s ♦r ✜r❡s✳
■t ✐s ❜❛s❡❞ ♦♥ t❤❡ ▲❆❙❆❚ ♠♦❞❡❧✳
▲❆❙❆■❘ s❤♦✇s ❛ str♦♥❣ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ♦♥❡ s❡t ♦❢ ✐♥♣✉t ❞❛t❛ ✭♦♥❧② ♦♥❡ ✈❛❧✉❡

❢♦r ✇✐♥❞ s♣❡❡❞✱ ❞✐r❡❝t✐♦♥ ❛♥❞ r❛✐♥ r❛t❡✮ ❛♥❞ ❤❛s ♦♥❧② t❤❡ ❝❛♣❛❝✐t② t♦ s✐♠✉❧❛t❡ t❤❡
s♣r❡❛❞ ♦❢ ✺ ♥✉❝❧✐❞❡s✳
❘❖❉❖❙ ♦✛❡rs t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ♣✉t t✐♠❡ ❡✈♦❧✈✐♥❣ ❞❛t❛ ✐♥t♦ t❤❡ s✐♠✉❧❛t✐♦♥✱ ♦r

♦♥❧✐♥❡ ❛♥❞ r❡❛❧ t✐♠❡ ❞❛t❛✳ ❚❤❡ ♦✉t♣✉t ❞❛t❛ ❛r❡ ❝♦♥str❛✐♥t t♦ ✐♥❤❛❧❛t✐♦♥ ❞♦s❡✱
❛❝t✐✈✐t②✱ ❣❛♠♠❛ ❞♦s❡ ❛♥❞ ❛❝t✐✈✐t② ❛♥❞ ❞❡♣♦s✐t✐♦♥ ❢♦r ▲❆❙❆■❘✱ ✇❤✐❧❡ ❘❖❉❖❙
♦✛❡rs ♥♦t ♦♥❧② ❞♦s❡ ❛♥❞ ❛❝t✐✈✐t② ❞❛t❛✱ ❜✉t ❛❧s♦ ❝♦✉♥t❡r♠❡❛s✉r❡ ✐♥❢♦r♠❛t✐♦♥✳ ❚❤❡
❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣✉r♣♦s❡s ♦❢ ▲❆❙❆■❘ ❛♥❞ ❘❖❉❖❙ ❛❧❧♦✇ ❝♦♠♣❛r✐s♦♥ ✐♥ ❛ ♥❛rr♦✇
s❝♦♣❡✳
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✶✶ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s ✇♦r❦ ✇❛s t♦ r❡✲❡✈❛❧✉❛t❡ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❢♦✉r ❛❝❝✐❞❡♥t
s❝❡♥❛r✐♦s ❢♦r t❤❡ ❚❘■●❆ ▼❆❘❑ ■■ ✐♥ ❱✐❡♥♥❛✳ ❚❤❡ r❡❛❝t♦r ❤❛❞ ❛ ❝♦r❡ r❡♣❧❛❝❡♠❡♥t
❛♥❞ r❡❝❡✐✈❡❞ ♥❡✇ ❢✉❡❧ ❡❧❡♠❡♥ts ✇✐t❤♦✉t ❍❊❯ ❡❧❡♠❡♥ts ✐♥ ✷✵✶✷ ✭s❡❡ ❝❤❛♣t❡r✶✳✸✮✳
❚❤✐s ♠❛❞❡ t❤❡ r❡✲❡✈❛❧✉❛t✐♦♥ ♥❡❝❡ss❛r②✳ ❚❤✐s ✇♦r❦ ✉s❡❞ t✇♦ ❞✐✛❡r❡♥t s✐♠✉❧❛t✐♦♥
t♦♦❧s ▲❆❙❆■❘ ❛♥❞ ❘❖❉❖❙✳ ❚❤❡ ❢♦r♠❡r ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✹ ❛♥❞ t❤❡ ❧❛tt❡r ✐♥
❝❤❛♣t❡r ✺✳ ❚❤❡ ❆t♦♠✐♥st✐t✉t ♣♦ss❡ss❡s ❛ ✇❡❛t❤❡r st❛t✐♦♥✱ ✇❤✐❝❤ ❝♦❧❧❡❝ts ✇❡❛t❤❡r
❞❛t❛ ❛t t❤❡ r♦♦❢t♦♣ ♦❢ t❤❡ ♠❛✐♥ ❜✉✐❧❞✐♥❣✳ ❇❡r❣❡r ❬✾❪ ❡✈❛❧✉❛t❡❞ t❤❡ ✷✵✶✷ ❛♥❞
✷✵✶✸ ❞❛t❛ ♦❢ t❤✐s st❛t✐♦♥✳ ❚❤❡ ❡✈❛❧✉❛t❡❞ ❞❛t❛ ❛r❡ t❤❡ ✐♥♣✉t ❞❛t❛ ❢♦r t❤✐s t❤❡s✐s✳
❚❤❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛ ❛♥❞ ✐ts ♣r❡♣❛r❛t✐♦♥ ❢♦r t❤❡
s✐♠✉❧❛t✐♦♥ ❞❛t❛ ✐s ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✻✳ ❚❤❡ s♦✉r❝❡ t❡r♠ ❢♦r t❤✐s t❤❡s✐s ✇❛s s✐♠✉❧❛t❡❞
✇✐t❤ ❖❘■●❊◆✳ ❚❤❡ s♦✉r❝❡ t❡r♠ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r t✇♦ ❜✉r♥✉♣ t✐♠❡s✱ t❤❡ ✐♥✐t✐❛❧
❜✉r♥✉♣ ❛❢t❡r ♦♥❡ ②❡❛r✱ ❛♥❞ t❤❡ ❜✉r♥✉♣ ❛❢t❡r ✶✶ ②❡❛rs✳ ❚❤❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢
t❤❡ s♦✉r❝❡ t❡r♠ ❞❛t❛ ❛♥❞ ✐ts ♣r❡♣❛r❛t✐♦♥ ❢♦r t❤❡ s✐♠✉❧❛t✐♦♥ ✐s ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✼✳
❚❤✐s t❤❡s✐s ❛♥❛❧②s❡❞ ❢♦✉r ❞✐✛❡r❡♥t ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s✿

❼ ❉❡str✉❝t✐♦♥ ♦❢ ❢✉❡❧ ❡❧❡♠❡♥t ✇✐t❤ ❤✐❣❤❡st ❛❝t✐✈✐t② ❝♦♥t❡♥t

❼ ❉❡str✉❝t✐♦♥ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts

❼ ❈❛s❡ ♦❢ ❛ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤

❼ ❈❛s❡ ♦❢ ❛ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤

❚❤✐s ✐s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ♣r❡✈✐♦✉s ✇♦r❦s ✭s❡❡ ❱✐❧❧❛✱ ❬✹❪✮✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢
t❤♦s❡ s❝❡♥❛r✐♦s ✐s ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡rs ✼✳✷✳✶ t♦ ✼✳✷✳✹✳ ❋♦r t❤❡s❡ ❢♦✉r ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s
s❡✈❡♥ ✇❡❛t❤❡r s❝❡♥❛r✐♦s ✇❡r❡ ❝❤♦s❡♥✿

❼ ❙♣r✐♥❣ ❞❛② s❝❡♥❛r✐♦

❼ ❙✉♠♠❡r ❞❛② s❝❡♥❛r✐♦

❼ ❆✉t✉♠♥ ❞❛② s❝❡♥❛r✐♦

✶✵✻
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❼ ❲✐♥t❡r ❞❛② s❝❡♥❛r✐♦

❼ ❚❤✉♥❞❡rst♦r♠ ❞❛② s❝❡♥❛r✐♦

❼ ❋♦❣❣② ❞❛② s❝❡♥❛r✐♦

❼ ❍♦t ❞❛② s❝❡♥❛r✐♦

❚❤❡ ✜rst ❢♦✉r s❝❡♥❛r✐♦s r❡♣r❡s❡♥t ❛✈❡r❛❣❡❞ ❞❛t❛✱ t❤❡ ❧❛t❡r t❤r❡❡ r❡♣r❡s❡♥t s♣❡❝✐✜❝
❞❛②s✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤♦s❡ ✇❡❛t❤❡r s❝❡♥❛r✐♦s ✐s ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✻✳✷✳
❘❖❉❖❙ ♣❡r❢♦r♠❡❞ s✐♠✉❧❛t✐♦♥s ❢♦r ❛❧❧ ❢♦✉r ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s✳ ❚❤❡ r❡s✉❧ts ❢♦r t❤❡
❞❡str✉❝t✐♦♥ ♦❢ ♦♥❡ ❢✉❡❧ ❡❧❡♠❡♥t ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✽✳✶✳ ❚❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡
❞♦s❡ ❛❢t❡r ♦♥❡ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✷✳✸✽ ❊✲✺ ♠❙✈ ❢♦r ♦♥❡
②❡❛r ❜✉r♥✉♣✳ ❚❤❡ r❡s✉❧ts ❢♦r t❤❡ ❞❡str✉❝t✐♦♥ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥
❝❤❛♣t❡r ✽✳✷✳ ❚❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ♦♥❡ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❤♦t ❞❛②
s❝❡♥❛r✐♦ ✇✐t❤ ✶✳✶✽ µ❙✈ ❢♦r ♦♥❡ ②❡❛r ❜✉r♥✉♣✳ ❚❤❡ r❡s✉❧ts ❢♦r t❤❡ s♠❛❧❧ ❛✐r♣❧❛♥❡
❝r❛s❤ s❝❡♥❛r✐♦ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✽✳✸✳ ❚❤❡ ❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ♦♥❡
②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✳✾✷ µ❙✈ ❢♦r ♦♥❡ ②❡❛r ❜✉r♥✉♣✳ ❚❤❡
r❡s✉❧ts ❢♦r t❤❡ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✽✳✹✳ ❚❤❡
❤✐❣❤❡st ❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r r❡s✉❧ts ❢r♦♠ t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ✶✸✳✽ ♠❙✈
❢♦r ✶ ②❡❛r ❜✉r♥✉♣✳ ❚❤❡ ❛✈❡r❛❣❡ ❝❛s❡ s❝❡♥❛r✐♦s ❢♦r t❤❡ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❤♦✇ ❛
♠❛①✐♠✉♠ ❞♦s❡ ♦❢ ✸✳✽✷ ♠❙✈ ✐♥ t❤❡ ✜rst ②❡❛r ❢♦r t❤❡ s✉♠♠❡r s❝❡♥❛r✐♦✳ ❚❤❡ ❞♦s❡
❞❡❝❧✐♥❡s t♦ ✈❛❧✉❡s ❜❡❧♦✇ ✶ ♠❙✈ ❛t t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ✐♥st✐t✉t❡ ✭s❡❡ ❋✐❣✉r❡ ✽✳✶✶✮✳
❚❤✐s ❞♦❡s ♥♦t ❛♣♣❧② ❢♦r t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✳
❚❤❡ ❆✉str✐❛♥ ❘❛❞✐❛t✐♦♥ ♣r♦t❡❝t✐♦♥ ❧❛✇ ❛❧❧♦✇s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❞♦s❡ ♦❢ ✶ ♠❙✈ ✴

②❡❛r ❢♦r t❤❡ ♣✉❜❧✐❝✳ ▲♦♦❦✐♥❣ ❛t t❤❡ r❡s✉❧ts ❛❜♦✈❡✱ ♦♥❧② t❤❡ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤
s❝❡♥❛r✐♦ s❤♦✇s ❛ r❡❧❡✈❛♥t ❞♦s❡✳ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❤❡♥❝❡ ♦♥❧② ♣❡r❢♦r♠❡❞
❢♦r t❤✐s ❝❛s❡✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✺ t❤❡ ✐♥♣✉t ❞❛t❛ ❢♦r t❤❡ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥
❤❛❞ t♦ ❜❡ ❛❞♦♣t❡❞ ✐♥ ♦r❞❡r t♦ ♣❡r❢♦r♠ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡ ♠❛①✐♠✉♠ ❞♦s❡ ✐♥
t❤❡ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦ ✇❡r❡ ✸✳✶✺ ♠❙✈ ❛❢t❡r ♦♥❡ ②❡❛r✱
❢♦r t❤❡ ❛✉t✉♠♥ ❞❛② s❝❡♥❛r✐♦✳ ❚❤❡ ♠❛①✐♠✉♠ ❞♦s❡ ✐♥ t❤❡ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥ ❢♦r
t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ✇❡r❡ ✵✳✼✼✼ ♠❙✈ ❛❢t❡r ♦♥❡ ②❡❛r✱ ❢♦r t❤❡ ❤♦t ❞❛② s❝❡♥❛r✐♦✳ ❚❤❡
❞❡t❛✐❧❡❞ r❡s✉❧ts ♦❢ ❛❧❧ ▲❆❙❆■❘ s✐♠✉❧❛t✐♦♥s ❛r❡ ✐♥ ❝❤❛♣t❡r ✾✳
❚❤❡ ❚❘■●❆ ▼❆❘❑ ■■ r❡❛❝t♦r✱ ❛s ❛ r❡s❡❛r❝❤ r❡❛❝t♦r✱ ❛♣♣❡❛rs ❛s ❛ s♣❡❝✐❛❧ ❝❛s❡

❢♦r ❞✐s♣❡rs✐♦♥ s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ♣r♦❣r❛♠s ❛r❡ ❡✐t❤❡r ❞❡s✐❣♥❡❞ ❢♦r r❛❞✐✲
♦❧♦❣✐❝❛❧ ❡①♣❧♦s✐♦♥s ♦r ✜r❡ ✭❡✳❣✳ ▲❆❙❆■❘✮ ♦r ❢♦r r❡❧❡❛s❡s ✐♥ ◆PP ❛❝❝✐❞❡♥ts ✭❡✳❣✳
❘❖❉❖❙✮✳ ▲♦♦❦✐♥❣ ❛t t❤❡ r❡s✉❧ts✱ ▲❆❙❆■❘ r❡s✉❧ts ✉♥❞❡r❡st✐♠❛t❡ t❤❡ r❡❧❡❛s❡✳ ❚❤✐s
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✐s ♥♦t ♦♥❧② ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ✇❡❛t❤❡r ❞❛t❛ ✇❡r❡ ❛✈❡r❛❣❡❞✱ ❜✉t ❛❧s♦ ❞✉❡ t♦
t❤❡ ❢❛❝t t❤❛t ✐t ❝❛♥ ♦♥❧② s✐♠✉❧❛t❡ ✺ ♥✉❝❧✐❞❡s✳ ❘❖❉❖❙ ❞❛t❛ ❧✐❡ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤
♣r❡✈✐♦✉s ✇♦r❦s✳ ◆❡✈❡rt❤❡❧❡ss✱ ❘❖❉❖❙ ❞❡❧✐✈❡rs ❢❛r ♠♦r❡ ♦✉t♣✉t t❤❡♥ ♥❡❡❞❡❞ ❢♦r
t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛❝❝✐❞❡♥t s❝❡♥❛r✐♦s ❢♦r ❛ r❡s❡❛r❝❤ r❡❛❝t♦r✳

❋✐❣✉r❡ ✶✶✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ r❡s✉❧ts ✉♣♣❡r ♣❛rt ❘❖❉❖❙ ✭❆✮ ❛♥❞ ▲❆❙❆■❘ ✭❇✮ r❡✲
s✉❧ts ❢♦r t❤❡ s♣r✐♥❣ ❞❛② s❝❡♥❛r✐♦✱ ❧♦✇❡r ♣❛rt ❘❖❉❖❙ ✭❈✮ ❛♥❞ ▲❆❙❆■❘
✭❉✮ r❡s✉❧ts ❢♦r ❛ t❤✉♥❞❡rst♦r♠ ❞❛② s❝❡♥❛r✐♦

❋✐❣✉r❡ ✶✶✳✶ s❤♦✇s t❤❡ ❣r❛♣❤✐❝❛❧ r❡s✉❧ts ❢♦r ❛ ❜✐❣ ❛✐r♣❧❛♥❡ ❝r❛s❤ ✇✐t❤ t❤❡ s♣r✐♥❣
❞❛② s❝❡♥❛r✐♦ ❛❢t❡r ♦♥❡ ②❡❛r ❜✉r♥✉♣ ✇✐t❤ ❘❖❉❖❙ ✭❆✮ ❛♥❞ ▲❆❙❆■❘ ✭❇✮ ✐♥ t❤❡
✉♣♣❡r ♣❛rt✳ ■♥ t❤❡ ❧♦✇❡r ♣❛rt ✐t s❤♦✇s t❤❡ ❣r❛♣❤✐❝❛❧ r❡s✉❧ts ♦❢ t❤❡ t❤✉♥❞❡rst♦r♠
❞❛② s❝❡♥❛r✐♦ ✇✐t❤ ❘❖❉❖❙ ✭❈✮ ❛♥❞ ▲❆❙❆■❘ ✭❉✮✳ ❚❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s s❤♦✇✱
❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ❛ r❡❧❡❛s❡ ❛♥❞ ❞❡♣♦s✐t✐♦♥ ✇✐t❤ t❤❡ ♠❛✐♥ ✇✐♥❞ ❞✐r❡❝t✐♦♥✳ ❚❤❡
s♣❡❝✐✜❝ s❝❡♥❛r✐♦ s✐♠✉❧❛t❡❞ ✇✐t❤ ▲❆❙❆■❘ ❞♦❡s ♦♥❧② ❞❡❧✐✈❡r ❛ ❞✐s♣❡rs✐♦♥ ✇✐t❤ t❤❡
♣r❡❝✐♣✐t❛t✐♦♥✳ ❚❤❡ ❧✐♠✐t❡❞ ✐♥♣✉t ♣❛r❛♠❡t❡rs ♦❢ ▲❆❙❆■❘ ❧❡❛❞ t♦ t❤✐s r❡s✉❧t✱ ✇❤✐❝❤
♠❛❦❡ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ✐♠♣♦ss✐❜❧❡✳ ▲♦♦❦✐♥❣ ❛t t❤❡ ❛✈❡r❛❣❡
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✈❡rs✉s t❤❡ s♣❡❝✐✜❝ ❞❛② s❝❡♥❛r✐♦s✱ t❤❡ s♣❡❝✐✜❝ ❞❛② ♣♦s❡s ❛ s♣❡❝✐❛❧ ❝❛s❡ ✇✐t❤✐♥ t❤❡
❛✈❡r❛❣❡✳ ❚❛❦✐♥❣ ♦♥❧② t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s ❢♦r ❝♦✉♥t❡r♠❡❛s✉r❡ ♣r❡♣❛r❛t✐♦♥ ✇♦✉❧❞
❜❡ ♠✐s❧❡❛❞✐♥❣✳ ❈♦✉♥t❡r♠❡❛s✉r❡ ♣r❡♣❛r❛t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❧♦♦❦❡❞ ❛t ❢♦r ♥✉♠❡r♦✉s
✇❡❛t❤❡r s❝❡♥❛r✐♦s ❛♥❞ ♥♦t ♦♥❧② t❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✳ ◆❡✈❡rt❤❡❧❡ss ❧♦♦❦✐♥❣ ❛t t❤❡
❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s s❤♦✇ t❤❛t ❛♥ ♦✈❡rst❛t❡♠❡♥t ✐s ♥♦t ♥❡❝❡ss❛r②✳ ❊✈❡♥ ✇✐t❤ t❤❡
s♣❡❝✐✜❝ s❝❡♥❛r✐♦s✱ t❤❡ ❞♦s❡ ❞❡✈❡❧♦♣♠❡♥t s❤♦✇s ❛ r❛♣✐❞ ❞r♦♣ ♦✛✳ ■t ❢❛❧❧s ❜❡❧♦✇
✼ ♠❙✈ ❛t t❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ✐♥st✐t✉t❡ ✐♥ t❤❡ ✜rst ②❡❛r✳
❚❤❡ ♥❡✇ ❝♦r❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❚❘■●❆ ▼❆❘❑ ■■ r❡❛❝t♦r ✐♥ ❱✐❡♥♥❛ ♠❛❞❡ ❛

r❡❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❞✐s♣❡rs✐♦♥ ❝❛❧❝✉❧❛t✐♦♥s ❛❢t❡r ♣♦ss✐❜❧❡ ❛❝❝✐❞❡♥ts ♥❡❝❡ss❛r②✳ ❚❤✐s
✇♦r❦ ✉s❡❞ t✇♦ ❞✐✛❡r❡♥t s✐♠✉❧❛t✐♦♥ t♦♦❧s✱ ❘❖❉❖❙ ❛♥❞ ▲❆❙❆■❘✳ ▲❆❙❆■❘✱ ❛ t♦♦❧ ❢♦r
❞✐s♣❡rs✐♦♥ ❝❛❧❝✉❧❛t✐♦♥s ❛❢t❡r ❡①♣❧♦s✐♦♥s ♦r ✜r❡s✱ ✐s ♥♦t ♣♦✇❡r❢✉❧ ❡♥♦✉❣❤ t♦ s✐♠✉❧❛t❡
❛❝❝✐❞❡♥ts ✐♥ r❡s❡❛r❝❤ r❡❛❝t♦rs✳ ❍❡♥❝❡✱ t❤❡ ❢♦❝✉s ✇❛s ♣✉t ♦♥ ❘❖❉❖❙ s✐♠✉❧❛t✐♦♥s✳
❚❤❡ ♦✈❡r❛❧❧ r❡s✉❧ts ♦❢ ❘❖❉❖❙ ❛r❡ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ♣r❡✈✐♦✉s ✇♦r❦s✳ ❚❤✐s ✇♦r❦
❞✐❞ ♥♦t ♦♥❧② ❧♦♦❦ ❛t ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s✱ ❜✉t ❛❧s♦ ✐♥❝❧✉❞❡❞ s♣❡❝✐✜❝ s❝❡♥❛r✐♦s ✭t❤✉♥✲
❞❡rst♦r♠✱ ❢♦❣ ❛♥❞ s❝❡♥❛r✐♦s ✇✐t❤ ❧✐tt❧❡ ✇✐♥❞ ✲ ❤♦t ❞❛②s✮✳ ❚❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡s❡
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t♦ ❜❡ ✇✐❞❡r✳ ❚❤❡ ❛✈❡r❛❣❡ s❝❡♥❛r✐♦s s❤♦✇❡❞ ❞♦s❡ ✈❛❧✉❡s ♦❢ ❜❡❧♦✇ ✶ ♠❙✈ ✐♥ t❤❡ ✜rst
②❡❛r✱ ✇❤✐❝❤ ❧✐❡s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❆✉str✐❛♥ ❘❛❞✐❛t✐♦♥ Pr♦t❡❝t✐♦♥ ▲❛✇✳
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▲✐st ♦❢ ❋✐❣✉r❡s

✶✳✶ ❙❝❤❡♠❛t✐❝ ❉r❛✇✐♥❣ ♦❢ ❚r✐❣❛ ▼❆❘❑ ■■ ❘❡❛❝t♦r ❱✐❡♥♥❛✱ ❬✻❪ ✳ ✳ ✳ ✳ ✳ ✷
✶✳✷ ❉r❛✇✐♥❣s ♦❢ ❋✉❡❧ ❊❧❡♠❡♥ts ♦❢ ❚❘■●❆ ❘❡❛❝t♦r✱ ❬✶✱ ♣✳✶✵❪ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✶✳✸ ❚❤❡ ❝✉rr❡♥t ❧❛tt✐❝❡ ♦❢ t❤❡ ❝♦r❡ ❡❧❡♠❡♥ts✳ ❚❤❡ ♥❡✉tr♦♥ s♦✉r❝❡ ✐s

s❤♦✇♥ ✐♥ ❣r❡❡♥ ❧❛❜❡❧✱ t❤❡ ❣r❛♣❤✐t❡ ❡❧❡♠❡♥ts ✐♥ ❜❧✉❡✱ ❛♥❞ r❡❣✉❧❛r
❡❧❡♠❡♥ts ✐♥ r❡❞✳ ❚❤❡ ❝❡♥tr❛❧ ✐rr❛❞✐❛t✐♦♥ r♦❞ ✐s s❤♦✇♥ ✐♥ t❤❡ ♠✐❞❞❧❡✱
❬✶✱ ♣✳✶✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✹✳✶ Pr✐♥❝✐♣❧❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❛♥❞ ♦♣t✐♦♥s ❢♦r ❘❖❉❖❙ ❬✶✷✱ ♣✳✶✵❪ ✳ ✳ ✳ ✷✽
✹✳✷ ❉❛t❛❜❛s❡ str✉❝t✉r❡ ♦❢ ❘❖❉❖❙ ❙②st❡♠❬✶✷✱ ♣✳✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
✹✳✸ ❖♣❡r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ❘❖❉❖❙ ❞❡♣❡♥❞✐♥❣ ♦♥ t✐♠❡ ❛♥❞ ❞✐st❛♥❝❡ t♦

❡✈❡♥t ♣♦s✐t✐♦♥ ❬✶✷✱ ♣✳✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✻✳✶ ❲❡❛t❤❡r st❛t✐♦♥ ♦♥ t❤❡ r♦♦❢ ♦❢ t❤❡ ■♥st✐t✉t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✻✳✷ ❲✐♥❞ ❘♦s❡ ❢♦r ❙♣r✐♥❣ ❞❛t❛ ♦❢ ✷✵✶✷✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✳ ✹✷
✻✳✸ ❲✐♥❞ ❘♦s❡ ❢♦r ❙♣r✐♥❣ ❞❛t❛ ♦❢ ✷✵✶✸✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✳ ✹✷
✻✳✹ ❲✐♥❞ ❘♦s❡ ❢♦r ❙✉♠♠❡r ❞❛t❛ ♦❢ ✷✵✶✷✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✹✹
✻✳✺ ❲✐♥❞ ❘♦s❡ ❢♦r ❙✉♠♠❡r ❞❛t❛ ♦❢ ✷✵✶✸✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✹✹
✻✳✻ ❲✐♥❞ ❘♦s❡ ❢♦r ❆✉t✉♠♥ ❞❛t❛ ♦❢ ✷✵✶✷✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✹✻
✻✳✼ ❲✐♥❞ ❘♦s❡ ❢♦r ❆✉t✉♠♥ ❞❛t❛ ♦❢ ✷✵✶✸✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✹✻
✻✳✽ ❲✐♥❞ ❘♦s❡ ❢♦r ❙♣r✐♥❣ ❞❛t❛ ♦❢ ✷✵✶✷✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✳ ✹✽
✻✳✾ ❲✐♥❞ ❘♦s❡ ❢♦r ❙♣r✐♥❣ ❞❛t❛ ♦❢ ✷✵✶✸✱ ✇s ✐s t❤❡ ✇✐♥❞ s♣❡❡❞ ✐♥ ♠✴s ✳ ✳ ✹✽

✽✳✶ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠♠❡r ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✭❜♦tt♦♠✮✱
❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ ❡①♣♦s✉r❡ ♦❢ ✶ ❢✉❡❧ ❡❧❡♠❡♥t✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✻✺

✽✳✷ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠♠❡r ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✭❜♦tt♦♠✮✱
❡✛❡❝t✐✈❡ ❞♦s❡ ❛❢t❡r ✶ ②❡❛r✱ ❡①♣♦s✉r❡ ♦❢ ✶ ❢✉❡❧ ❡❧❡♠❡♥t✱ ✶✶ ②❡❛rs ♦❢
❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✽✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠♠❡r ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✭❜♦tt♦♠✮✱
❡①♣♦s✉r❡ ♦❢ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾
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✽✳✹ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠♠❡r ❞❛② ✭t♦♣✮ ❛♥❞ t❤❡ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦
✭❜♦tt♦♠✮✱ ❛❧❧ ❢✉❡❧ ❡❧❡♠❡♥ts ❡①♣♦s❡❞✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✽✳✺ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠♠❡r ❞❛② ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② s❝❡♥❛r✐♦ ✭❜♦t✲
t♦♠✮ ✇✐t❤ ❛ s♠❛❧❧ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✽✳✻ ❈♦♠♣❛r✐s♦♥ ♦❢ s✉♠♠❡r ❞❛② ✭t♦♣✮ ❛♥❞ ❢♦❣❣② ❞❛② ✭❜♦tt♦♠✮✱ s♠❛❧❧
❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✽✳✼ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❛✈❡r❛❣❡ s♣r✐♥❣ ❞❛②✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✳ ✼✽
✽✳✽ ▲❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤ s❝❡♥❛r✐♦✱ ❛✈❡r❛❣❡ s✉♠♠❡r ❞❛②✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✼✾
✽✳✾ ❆✉t✉♠♥ ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✼✾
✽✳✶✵ ❲✐♥t❡r ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✽✵
✽✳✶✶ ❈❧♦s❡ ✉♣ ❧♦♦❦ ❛t t❤❡ ✇✐♥t❡r s❝❡♥❛r✐♦✱ ✶ ②❡❛r ❜✉r♥✉♣✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡

❝r❛s❤ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
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✽✳✶✸ ❍♦t ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶ ②❡❛r ❜✉r♥✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸
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✽✳✶✼ ❆✉t✉♠♥ ❞❛② s❝❡♥❛r✐♦✱ ❧❛r❣❡ ❛✐r♣❧❛♥❡ ❝r❛s❤✱ ✶✶ ②❡❛rs ♦❢ ❜✉r♥✉♣ ✳ ✳ ✳ ✽✻
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Curriculum Vitae    
  

Personal information  

First name(s) / Surname  Eileen Jing Sigrid Langegger (Radde) 

Address Rudolf Zöllner Str. 31, 2500 Baden, Austria 
Mobile 004369910624832   
E-mail eileen.langegger@euronuclear.org 

  

Nationality Austrian, German 
  

Date of birth 12.06.1986 
  

Gender female 
  

Occupational field Radiation Protection, Nuclear science 
  

Work experience  

Dates October 2017 - ongoing 
Occupation or position held Lecturer (Univ.Lekt) 

Main activities and responsibilities Lecturer at University for “Nuclear Engineering 1” and “Kernkraftwerkstechnik”, preparation of 
lectures and examinations; Consultating for Austrian Armed Forces “CODIBUM” 

Name and address of employer Technische Universität Wien and Technische Universität Graz 
Type of business or sector Education and Training 

  
Dates February 2013 – ongoing  

Occupation or position held Engineer 
Main activities and responsibilities Manager of Interim Storage – responsible for implementation of Interim Storage structures, 

development of processes for safe and secure storage of LILW; Project Management of EURAD 
Management for compilation of Licence Applications and Safety Analyses 
Radiation Protection duties – officer for NES, implementation and determination of Radiation 
Protection measures 
Project management: Characterization of contamination status, Implementation of measurements 

Name and address of employer Nuclear Engineering Seibersdorf GmbH (NES), Campus Seibersdorf, 2444 Seibersdorf 
Type of business or sector Nuclear Waste Management 

  

Dates Jan.2012 – December 2012 
Occupation or position held Project assistant 

Main activities and responsibilities Development and Implementation of a Master program in Nuclear Security in Cooperation with TU 
Delft, FH Brandenburg, University of Oslo, University of Manchester 

Name and address of employer Technical University Vienna, Stadionallee 2, 1020 Wien, Austria 
Type of business or sector Education and Training 

  
Dates Oct. 2011 – Oct.2012  

Occupation or position held Consultant at IAEA, Safeguards Technical Support, Project Engineering Team 
Main activities and responsibilities Pre-test preparations of experiments, evaluation of data (fuel measurements at various facilities) 

regarding isotopic composition and mass, simulation of spectra, fuel rods and detectors with 
gamma spectroscopy simulation tool(VGSL), development of software for neutron coincidence 
counting devices 

Name and address of employer IAEA, Wagramerstrasse 5, 1400 Wien, Austria 
Type of business or sector Research and Development 

 
Dates Jan.2012 – Jul.2012 

Occupation or position held Consultant, Office of Nuclear Security 
Main activities and responsibilities Development and Peer Review of Teaching Material in the Nuclear Security Education Series 

NSS12. Topics: “Detection and Response to Criminal and Unauthorized Acts involving Nuclear and 
other Radioactive Material out of Regulatory Control”, “Nuclear Energy, Nuclear Fuel Cycle and 
Nuclear Applications”, “Physical protection Systems, Design and Evaluation” 

Name and address of employer IAEA, Wagramerstrasse 5, 1400 Wien, Austria 
Type of business or sector Education and Training 

  
Dates Mar 2011 – Jul 2011 

Occupation or position held Group Leader (11 people) 
Main activities and responsibilities Foundation and management of an Information centre concerning the situation in Fukushima 

Daiichi, Japan at the Atominstitut Vienna. Response to e mail request, telephone calls of public, 
ministries, interview in all kind of media, and selection of information for all employees of institute 
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Consultancy for AVL List, Graz: weekly reports on radiation exposure, contamination and food 
safety for employees in Japan 
Consultancy for Austrian Airlines: contact point for employees  

Name and address of employer Self employed 
Type of business or sector Information Management 

  

Dates May-Jul 2011; Apr-Jun 2010; Apr-May 2009; June 2008 
Occupation or position held Technician of Measurement in German Nuclear Power Plants 

Main activities and responsibilities Monitoring and Calibration of safety control systems and pathway monitoring 
Technical repairs and Calibration, Record writing (NPP Grohnde, NPP Isar II, NPP Emsland),NPP 
Brokdorf: Group supervisor (4 people) 
Monitoring and Calibration of computerized safety control systems and pathway monitoring 

Name and address of employer Ing. Erwin Mühlegger GmbH, Mühlbachtal 7, 4801 Traunkirchen, Austria 
Type of business or sector Control Technology, Nuclear Industry 

  
Dates Oct.2009 – May 2010 

Occupation or position held Consultant and Staff assistant at Nuclear Security Unit 
Main activities and responsibilities Testing, maintenance and repair of hand held radiation detection equipment 

Assistant with logistics and assessment management; Preparation of 1st RASE workshop; Analysis 
of spectrometric equipment performance for RASE equipment 

Name and address of employer IAEA, Wagramerstrasse 5, 1400 Wien, Austria 
Type of business or sector Nuclear Security 

  
Dates 2007 -2009 

Occupation or position held Study Tutor 
Main activities and responsibilities Preparation of experiments, surveillance and mentoring during experiments, grading and tutoring of 

protocol writing, teaching assistant (Physics for Chemists), giving assignments 
Name and address of employer Institute of Experimental Physics, University of Technology Graz, Prof. Pottlacher 

Institute of Material Physics, University of Technology Graz, Prof. Sprengel 
Type of business or sector Education and Training 

Extra Professional Activities  

Dates Jun 2015 – Jun 2017 
Position Chair of European Nuclear Society –Young Generation Network (ENS YGN) 

Main activities and responsibilities   Chairing the ENS YGN, a professional network, connecting all young professionals in the nuclear 
  sector in Europe. Organizing 3 meetings a year 
  Presentation and speeches at various conferences and meetings; www.ensygn.org 

Dates Jun 2013 – Jun 2015 
Position Co-Chair of European Nuclear Society –Young Generation Network (ENS YGN) 

Main activities and responsibilities Assistant to the Chair of the Network 
  

Education and training  
  

Dates Aug.2013 – to be completed in 2018/2019 
Title of qualification awarded Dr.tech. 

Principal subjects/occupational 
skills covered 

  Comparing two simulation tools for severe accident scenarios of the TRIGA Mark II reactor 
Consulting for research reactor PAVIA (August 2018) 

Name and type of organisation  Technical University Vienna, Institute of Atomic and Subatomic Physics 
Level in national or international 

classification 
PhD 

Dates September 2011 and January 2012 
Principal subjects/occupational 

skills covered 
Introduction to Nuclear Security, Professional Development Course 

Name and type of organisation 
providing education and training 

Kings College London, Centre for Science and Security Studies and International Nuclear Security 
Education Network (INSEN) 

Dates Apr.2009 – Mar. 2011 
Title of qualification awarded Dipl. Ing. 

Principal subjects/occupational 
skills covered 

Technical Physics, Gamma Spectroscopy, Nuclear Security, Topic of Master Theses: RASE – 
Replicative Assessment of Spectrometric Equipment, Theoretical Description and Experimental 
Evaluation 

Name and type of organisation 
providing education and training 

University of Technology Graz, Institute of Material Science and Technical University Vienna, 
Institute of Atomic and Subatomic Physics 

Level in national or international 
classification 

 

Master of Science 

Dates Mar. 2010 
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Principal subjects/occupational 
skills covered 

ESARDA Course  - Nuclear Safeguards and Non - Proliferation 

Name and type of organisation ESARDA (European Safeguards Research and Development Association) 

Dates Oct. 2004 – Apr. 2009 
Title of qualification awarded Bakk. 

Principal subjects/occupational 
skills covered 

Technical Physics, Transmutation, Title of Bachelor theses: “Aspects of Nuclear Waste Disposal in 
Nuclear Power Plants – Transmutation” (in German) 

Name and type of organisation  University of Technology Graz, Institute of Material Science  
Level in national or international 

classification 
Bachelor of Science 

  

Languages  
  

Mother tongue German 
Other language(s) English, French, Italian 

  
  

Professional Memberships Chair of Austrian Nuclear Society (since 2017) 
Chairperson of Austrian Nuclear Society – Young Generation Network (2010-2013) 
Member of INSEN(International Nuclear Security Education Network) 
Member INENS (International Network of Emerging Nuclear Specialists) 
Co-Chair of ESARDA Editorial Committee working group (2013 – 2017) 
Member of Austrian Radiation Protection Association  and their Young Scientists and Professionals,  

  

Organisational skills and 
competences 

Organisation of many projects within the Austrian Nuclear Society, such as group travels to Finland 
Chernobyl or France for 15 people. Organisation of Student Days at the Institute of Atomic and 
Subatomic Physics 

  

Other qualifications Radiation Protection “Strahlenschutzabzeichen Bronze and Silber” 
Computer skills and 

competences 

Programming Languages: Matlab, Labview, C++ (basics) 
Origin, Microsoft Office 

  

Artistic skills and competences Violin and Viola since 1991 
  

Driving licence Category B, ADR driving licence 
  

References Prof. Günter Hillebrand hillebrand@aon.at  
Helmuth Böck helmuth.boeck@tuwien.ac.at  

  

Publications, Presentation 
and Lectures 

Nov.2014-2018 Lectures “Einführung in die Kernenergie”, Montanuniversität Leoben 

Sep.2013: Lecture “Detection of criminal or unauthorized acts involving nuclear and other radioactive 
material out of regulatory control” Institute for Atomic and Subatomic Physics, Vienna 
University of Technology 

2020, A novel comparison of RODOS and LASAIR for simulation of dispersion scenarios after severe 
accidents in TRIGA MARK II reactors, RRFM Conference proceedings 2020 (planned) 

2019, The Nuclear for Climate Initiative, International Conference on Climate Change and the Role of 
Nuclear Power, IAEA 

2018, Radioactive Waste Management in Austria, NENE Conference proceedings 2018 

2018, Simulation of Consequences of Severe Accidents of TRIGA Mark II reactor in Vienna with 
Rodos, RRFM Conference proceedings 2018 

2017, Simulation of Consequences of Severe Accidents of TRIGA Mark II reactor in Vienna with 
Rodos, NENE Conference proceedings 2017 

Jul.2014: “Reduction of Radioactive Waste by Improvement of Conditioning Facilities”, Nuclear 
España – Journal of Spanish Nuclear Professionals, 2014, best track paper at IYNC 2014 

Jun.2014: “Finding Hot Spots with the help of ISOCS for easier decommissioning of former research 
facilities and its surroundings”, Stockholm 

Apr.2012: „Information Management of the Fukushima reactor accident in Austria”, G.Steinhauser, 
E.Radde et.al., Disaster Advances, Vol.5(2) 

Oc.2011: „Kernfrage Atomkraft Was passiert wenn etwas passiert“, H.Böck, M.Gerstmayr, E.Radde, 
Goldegg Verlag, Wien 2011 

Full publications list can be found at: https://www.linkedin.com/in/eileen-langegger-19812442/  

Key note speeches at ENYGF 2013, Nestet2013, ENYGF 2015, WIN GLOBAL 2015, AMNT 2016, 
ENC 2016, ENYGF 2017, HTR conference October 2018  

Workshops at EAFES, PIME2013, PIME2014, PIME2015, ENC2014, ENC 2016, IYNC 2016, ENYGF 
2017 

 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❋✐rst❧②✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② s✐♥❝❡r❡ ❣r❛t✐t✉❞❡ t♦ ♠② ❛❞✈✐s♦r Pr♦❢✳ ❍❡❧♠✉t❤
❇ö❝❦ ❢♦r ❤✐s ❝♦♥t✐♥✉♦✉s s✉♣♣♦rt ♦❢ ♠② ✇♦r❦✱ ❤✐s ♣❛t✐❡♥❝❡ ❛♥❞ ♠♦t✐✈❛t✐♦♥✳ ❇❡s✐❞❡s
♠② ❛❞✈✐s♦r ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❉r✳ ▼❛r✐♦ ❱✐❧❧❛ ❢♦r ❤✐s ✐♥s✐❣❤t❢✉❧ ❝♦♠♠❡♥ts ❛♥❞
❡♥❝♦✉r❛❣❡♠❡♥t✳ ▼② s✐♥❝❡r❡ t❤❛♥❦s ❛❧s♦ ❣♦ t♦ ❉r✳ P❡t❡r ❍♦❢❡r✱ ✇❤♦ ❣❛✈❡ ♠❡ ❛❝❝❡ss
t♦ t❤❡ r❡s❡❛r❝❤ ❢❛❝✐❧✐t✐❡s✳ ■ ✇♦✉❧❞ ❛❧s♦ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ t❡❛♠ ❛t t❤❡ ❑■❚ ❢♦r t❤❡✐r
t❡❝❤♥✐❝❛❧ s✉♣♣♦rt✳ ❚❤❛♥❦s t♦ ♠② ❝♦♠♣❛♥②✱ ✇❤♦ ♣r♦✈✐❞❡❞ ♠❡ ✇✐t❤ ❛❞❡q✉❛t❡ t✐♠❡
❢♦r t❤✐s ✇♦r❦✳
▲❛st ❜✉t ♥♦t t❤❡ ❧❡❛st ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ♠② ❢❛♠✐❧②✱ ♠② ❜❡❧♦✈❡❞ ❤✉s❜❛♥❞✱

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