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❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r

❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥

●✳ ▲❛t✉ ∗ †✱ ❱✳ ●r❛♥❞❣✐r❛r❞ ∗✱ ◆✳ ❈r♦✉s❡✐❧❧❡s †✱ ●✲❉✐❢✳ Pr❛❞❛❧✐❡r‡

❉♦♠❛✐♥❡ ✿ ▼❛t❤é♠❛t✐q✉❡s ❛♣♣❧✐q✉é❡s✱ ❝❛❧❝✉❧ ❡t s✐♠✉❧❛t✐♦♥
➱q✉✐♣❡s✲Pr♦❥❡ts ❈❆▲❱■

❘❛♣♣♦rt ❞❡ r❡❝❤❡r❝❤❡ ♥➦ ✼✻✶✶ ✖ ▼❛✐ ✷✵✶✶ ✖ ✶✺ ♣❛❣❡s

❆❜str❛❝t✿ ▼♦❞❡❧✐♥❣ t✉r❜✉❧❡♥t tr❛♥s♣♦rt ✐s ❛ ♠❛❥♦r ❣♦❛❧ ✐♥ ♦r❞❡r t♦ ♣r❡❞✐❝t
❝♦♥✜♥❡♠❡♥t ✐ss✉❡s ✐♥ ❛ t♦❦❛♠❛❦ ♣❧❛s♠❛✳ ❚❤❡ ❣②r♦❦✐♥❡t✐❝ ❢r❛♠❡✇♦r❦ ❝♦♥s✐❞❡rs
❛ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞♦♠❛✐♥ ✐♥ ✜✈❡ ❞✐♠❡♥s✐♦♥s t♦ ❧♦♦❦ ❛t ❦✐♥❡t✐❝ ✐ss✉❡s ✐♥ ❛ ♣❧❛s♠❛✳
●②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥s ❧❡❛❞ t♦ ❤✉❣❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ♥❡❡❞s✳ ❯♣ t♦ ♥♦✇✱ t❤❡
❣②r♦❦✐♥❡t✐❝ ❝♦❞❡ ●❨❙❊▲❆ ♣❡r❢♦r♠❡❞ ❧❛r❣❡ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ❛ ❢❡✇ t❤♦✉s❛♥❞s
♦❢ ❝♦r❡s✳ ❚❤❡ ✇♦r❦ ♣r♦♣♦s❡❞ ❤❡r❡ ✐♠♣r♦✈❡s ●❨❙❊▲❆ ♦♥t♦ t✇♦ ♣♦✐♥ts✿ ♠❡♠♦r②
s❝❛❧❛❜✐❧✐t② ❛♥❞ ❡①❡❝✉t✐♦♥ t✐♠❡✳ ❚❤❡ ♥❡✇ s♦❧✉t✐♦♥ ❛❧❧♦✇s t❤❡ ●❨❙❊▲❆ ❝♦❞❡ t♦
s❝❛❧❡ ✇❡❧❧ ✉♣ t♦ ✻✹❦ ❝♦r❡s✳

❑❡②✲✇♦r❞s✿ ◗✉❛s✐♥❡✉tr❛❧✐t② s♦❧✈❡r✱ ●②r♦❦✐♥❡t✐❝s✱ ▼P■✱ ❖♣❡♥▼P

∗ ❈❊❆ ❈❛❞❛r❛❝❤❡✱ ✶✸✶✵✽ ❙❛✐♥t✲P❛✉❧✲❧❡s✲❉✉r❛♥❝❡ ❈❡❞❡①
† ■◆❘■❆ ◆❛♥❝②✲●r❛♥❞ ❊st ✫ ❯♥✐✈❡rs✐té ❞❡ ❙tr❛s❜♦✉r❣✱ ✼ r✉❡ ❉❡s❝❛rt❡s✱ ✻✼✵✵✵ ❙tr❛s❜♦✉r❣
‡ ❯❈❙❉✱ ▲❛ ❏♦❧❧❛✱ ❈❆ ✾✷✵✾✸✱ ❯❙❆



❙♦❧✈❡✉r ◗✉❛s✐✲♥❡✉tr❡ ❡①t❡♥s✐❜❧❡

♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❣②r♦❝✐♥ét✐q✉❡s

❘és✉♠é ✿ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ tr❛♥s♣♦rt t✉r❜✉❧❡♥t ❡st ✉♥ ♣♦✐♥t ❝❧❡❢ ♣♦✉r
♣ré❞✐r❡ ❧❡s ♣r♦♣r✐étés ❞❡ ❝♦♥✜♥❡♠❡♥t ❞✬✉♥ ♣❧❛s♠❛ ❞❡ ❢✉s✐♦♥✳ ▲❛ t❤é♦r✐❡ ❣②✲
r♦❝✐♥ét✐q✉❡ ♣r♦♣♦s❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ à ✺ ❞✐♠❡♥s✐♦♥s ♣❡r♠❡tt❛♥t ❞❡ ❝❛❧❝✉❧❡r ❡t
❝♦♠♣r❡♥❞r❡ ❧❡s ❡✛❡ts ❝✐♥ét✐q✉❡s ❞❛♥s ✉♥ ♣❧❛s♠❛✳ ▲❡s s✐♠✉❧❛t✐♦♥s ❣②r♦❝✐♥ét✐q✉❡s
❝♦♥❞✉✐s❡♥t à ❞❡s ❝♦ûts ❡♥ ❝❛❧❝✉❧ ré❡❧❧❡♠❡♥t ♣r♦❤✐❜✐t✐❢s✳ ❏✉sq✉✬à ♠❛✐♥t❡♥❛♥t✱
❧❡ ❝♦❞❡ ❣②r♦❝✐♥ét✐q✉❡ ●❨❙❊▲❆ ré❛❧✐s❛✐t ❞❡ ❣r♦ss❡s s✐♠✉❧❛t✐♦♥s ❡♥ ✉t✐❧✐s❛♥t
q✉❡❧q✉❡s ♠✐❧❧✐❡rs ❞❡ ❝÷✉rs ❞❡ ❝❛❧❝✉❧✳ ▲❡ tr❛✈❛✐❧ ♣r♦♣♦sé ✐❝✐ ❛♠é❧✐♦r❡ ●❨❙❊▲❆
s✉r ❞❡✉① ❛s♣❡❝ts✿ ❧✬❡①t❡♥s✐❜✐❧✐té ♠é♠♦✐r❡ ❡t ❧❡ t❡♠♣s ❞✬❡①é❝✉t✐♦♥✳ ▲❛ ♥♦✉✈❡❧❧❡
s♦❧✉t✐♦♥ ♣❡r♠❡t ❛✉ ❝♦❞❡ ●❨❙❊▲❆ ❞✬êtr❡ ♦♣ér❛t✐♦♥♥❡❧ ❡t s❝❛❧❛❜❧❡ ❥✉sq✉❡ ✻✹❦
❝÷✉rs ❛✉ ♠♦✐♥s✳

▼♦ts✲❝❧és ✿ ❙♦❧✈❡✉r q✉❛s✐✲♥❡✉tr❡✱ ●②r♦❝✐♥ét✐q✉❡✱ ▼P■✱ ❖♣❡♥▼P



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✸

✶ ■♥tr♦❞✉❝t✐♦♥

❚♦ ❤❛✈❡ ❛❝❝❡ss t♦ ❛ ❦✐♥❡t✐❝ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♣❧❛s♠❛ ❞②♥❛♠✐❝s ✐♥s✐❞❡ ❛ t♦❦❛✲
♠❛❦✱ ♦♥❡ ✉s✉❛❧❧② ♥❡❡❞s t♦ s♦❧✈❡ t❤❡ ❱❧❛s♦✈ ❡q✉❛t✐♦♥ ♥♦♥❧✐♥❡❛r❧② ❝♦✉♣❧❡❞ t♦
▼❛①✇❡❧❧ ❡q✉❛t✐♦♥s✳ ❚❤❡♥✱ ❛ ♣❛r❛❧❧❡❧ ❝♦❞❡ ❛❞r❡ss✐♥❣ t❤❡ ✐ss✉❡ ♦❢ ♠♦❞❡❧❧✐♥❣ t♦❦❛✲
♠❛❦ ♣❧❛s♠❛ t✉r❜✉❧❡♥❝❡ ♥❡❡❞s t♦ ❝♦✉♣❧❡ ❛ ♣❛r❛❧❧❡❧ ❱❧❛s♦✈ s♦❧✈❡r ✇✐t❤ ❛ ♣❛r❛❧❧❡❧
✜❡❧❞ s♦❧✈❡r✳ ❖♥ t❤❡ ✜rst ❤❛♥❞✱ ❛ ❱❧❛s♦✈ s♦❧✈❡r ♠♦✈❡s t❤❡ ♣❧❛s♠❛ ♣❛rt✐❝❧❡s ❢♦r✲
✇❛r❞ ✐♥ t✐♠❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ r♦❧❡ ♦❢ t❤❡ ✜❡❧❞ s♦❧✈❡r ✐s t♦ ❣✐✈❡ t❤❡
❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s ❣❡♥❡r❛t❡❞ ❜② ❛ ❣✐✈❡♥ ♣❛rt✐❝❧❡s s❡tt✐♥❣ ✐♥ ♣❤❛s❡ s♣❛❝❡✳ ■♥
t❤✐s ♣❛♣❡r✱ ✇❡ ❢♦❝✉s ♦♥ t❤❡ st✉❞② ♦❢ t❤❡ ✜❡❧❞ s♦❧✈❡r ❡♠❜❡❞❞❡❞ ✐♥ ❛ ❣②r♦❦✐♥❡t✐❝
❝♦❞❡✱ ♥❛♠❡❧② ●❨❙❊▲❆✳ ❆♥ ❛❧❣♦r✐t❤♠ ✐s ♣r❡s❡♥t❡❞ ❤❡r❡ t❤❛t ❤❛s ❡①❝❡❧❧❡♥t ♣❡r✲
❢♦r♠❛♥❝❡ ✉♣ t♦ ❛ ❢❡✇ t❤♦✉s❛♥❞s ♦❢ ❝♦r❡s✳ ❆♥ ❛❞❛♣t❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❝❤❡♠❡
✐s ✐♥tr♦❞✉❝❡❞ t♦ ♦♣t✐♠✐③❡ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ❢♦r ❡①❝❤❛♥❣✐♥❣ ✐♥❢♦r♠❛t✐♦♥
❜❡t✇❡❡♥ t❤❡ ❙❡♠✐✲▲❛❣r❛♥❣✐❛♥ ❱❧❛s♦✈ s♦❧✈❡r ❛♥❞ t❤❡ ✜❡❧❞ s♦❧✈❡r ✭t❤❡ t✇♦ ♠❛✐♥
♣❛rts ♦❢ t❤❡ ❝♦❞❡✮✳ ❯s✐♥❣ ✻✹❦ ❝♦r❡s✱ t❤❡ ✜❡❧❞ s♦❧✈❡r t❡♥❞s t♦✇❛r❞s ❛♥ ❛s②♠♣t♦t✐❝
t✐♠❡ ❝♦st✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐ts s♠❛❧❧ ❝♦♠♣✉t❛t✐♦♥ ❝♦st ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ♣❛rts ♦❢
t❤❡ ❝♦❞❡✱ ❛❧❧♦✇s t❤❡ ●❨❙❊▲❆ ❝♦❞❡ t♦ ❣❡t ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡ ✉♣ t♦ ✻✹❦ ❝♦r❡
✇✐t❤ ✼✽✪ ♦❢ r❡❧❛t✐✈❡ ❡✣❝✐❡♥❝②✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❛ ✇❡❧❧ ♣❛r❛❧❧❡❧✐③❡❞ s♦❧✉t✐♦♥ ✐s
✜♥❛❧❧② ♦❜t❛✐♥❡❞✳ ■♥ t❤❡ ❧❛st s❡❝t✐♦♥s✱ ♣❡r❢♦r♠❛♥❝❡ ✐s ❡✈❛❧✉❛t❡❞ ❜♦t❤ ✐♥ t❡r♠ ♦❢
❡①❡❝✉t✐♦♥ t✐♠❡ ❛♥❞ ✐♥ t❡r♠ ♦❢ ♠❡♠♦r② s❝❛❧❛❜✐❧✐t②✳

✷ ●②r♦❦✐♥❡t✐❝ ♠♦❞❡❧

✷✳✶ P❛r❛❧❧❡❧ s♦❧✈✐♥❣ ♦❢ ❱❧❛s♦✈ ❡q✉❛t✐♦♥

❖✉r ❣②r♦❦✐♥❡t✐❝ ♠♦❞❡❧ ❝♦♥s✐❞❡rs ❛s ❛ ♠❛✐♥ ✉♥❦♥♦✇♥ ❛ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥ f̄
t❤❛t r❡♣r❡s❡♥ts t❤❡ ❞❡♥s✐t② ♦❢ ✐♦♥s ❛t ❛ ❣✐✈❡♥ ♣❤❛s❡ s♣❛❝❡ ♣♦s✐t✐♦♥✳ ❚❤✐s ❢✉♥❝t✐♦♥
❞❡♣❡♥❞s ♦♥ t✐♠❡ ❛♥❞ 5 ♦t❤❡r ❞✐♠❡♥s✐♦♥s✳ ❋✐rst✱ r ❛♥❞ θ ❛r❡ t❤❡ ♣♦❧❛r ❝♦♦r❞✐♥❛t❡s
✐♥ t❤❡ s❤♦rt❡st ❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ t♦r✉s ✭❝❛❧❧❡❞ ♣♦❧♦ï❞❛❧ s❡❝t✐♦♥✮✱ ✇❤✐❧❡ ϕ r❡❢❡rs
t♦ t❤❡ ❛♥❣❧❡ ✐♥ t❤❡ ❧❛r❣❡st ❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ t♦r✉s✳ ❙❡❝♦♥❞✱ t❤❡ ✈❡❧♦❝✐t② s♣❛❝❡
✐s ❛❧s♦ ❞✐s❝r❡t✐③❡❞✿ v‖ ✐s t❤❡ ✈❡❧♦❝✐t② ❛❧♦♥❣ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❧✐♥❡s ✭♦♥❡ ❤❛s
v‖ = ❞ϕ/❞t✮✱ ❛♥❞ µ t❤❡ ♠❛❣♥❡t✐❝ ♠♦♠❡♥t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛❝t✐♦♥ ✈❛r✐❛❜❧❡
❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❣②r♦♣❤❛s❡✳ ❚❤❡ t✐♠❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❣✉✐❞✐♥❣✲❝❡♥t❡r ✺❉
❣②r♦❛✈❡r❛❣❡❞ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥ f̄t(r, θ, ϕ, v‖, µ) ✐s ❣♦✈❡r♥❡❞ ❜② t❤❡ s♦✲❝❛❧❧❡❞
❣②r♦❦✐♥❡t✐❝ ❡q✉❛t✐♦♥ ❬✶✱ ✸❪✿

∂f̄

∂t
+

❞r

❞t

∂f̄

∂r
+

❞θ

❞t

∂f̄

∂θ
+

❞ϕ

❞t

∂f̄

∂ϕ
+

❞v‖

❞t

∂f̄

∂v‖
= 0. ✭✶✮

■♥ t❤✐s ❱❧❛s♦✈ ❣②r♦❦✐♥❡t✐❝ ❡q✉❛t✐♦♥✱ µ ❛❝ts ❛s ❛ ♣❛r❛♠❡t❡r ❜❡❝❛✉s❡ ✐t ✐s ❛♥
❛❞✐❛❜❛t✐❝ ♠♦t✐♦♥ ✐♥✈❛r✐❛♥t✳ ▲❡t ✉s ❞❡♥♦t❡ ❜② Nµ t❤❡ ♥✉♠❜❡r ♦❢ µ ✈❛❧✉❡s✱ ✇❡
❤❛✈❡ Nµ ✐♥❞❡♣❡♥❞❛♥t ❊q✳ ✶ t♦ s♦❧✈❡ ❛t ❡❛❝❤ t✐♠❡ st❡♣✳ ❚❤❡ ❢✉♥❝t✐♦♥ f̄ ✐s
♣❡r✐♦❞✐❝ ❛❧♦♥❣ θ ❛♥❞ ϕ✳ ❱❛♥✐s❤✐♥❣ ♣❡rt✉r❜❛t✐♦♥s ❛r❡ ✐♠♣♦s❡❞ ❛t t❤❡ ❜♦✉♥❞❛r✐❡s
✐♥ t❤❡ ♥♦♥✲♣❡r✐♦❞✐❝ ❞✐r❡❝t✐♦♥s r ❛♥❞ v‖✳

●❨❙❊▲❆ ✐s ❛ ❣❧♦❜❛❧ ♥♦♥❧✐♥❡❛r ❡❧❡❝tr♦st❛t✐❝ ❝♦❞❡ ✇❤✐❝❤ s♦❧✈❡s t❤❡ ❣②r♦❦✐♥❡t✐❝
❡q✉❛t✐♦♥s ✐♥ ❛ ✜✈❡ ❞✐♠❡♥s✐♦♥ ♣❤❛s❡ s♣❛❝❡ ✇✐t❤ ❛ s❡♠✐✲▲❛❣r❛♥❣✐❛♥ ♠❡t❤♦❞ ❬✶✱ ✷❪✳
❚❤❡ ❙❡♠✐✲▲❛❣r❛♥❣✐❛♥ t✐♠❡ ✐♥t❡❣r❛t✐♦♥ t❡❝❤♥✐q✉❡ ❬✽❪ ❝♦✉♣❧❡s t❤❡ ▲❛❣r❛♥❣✐❛♥ ❛♥❞
❊✉❧❡r✐❛♥ ♣♦✐♥ts ♦❢ ✈✐❡✇✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦✛❡r❡❞ ❜② t❤❡ s❡♠✐✲▲❛❣r❛♥❣✐❛♥
t❡❝❤♥✐q✉❡ ✐s t❤❛t t✐♠❡ st❡♣s ❛r❡ ♥♦t r❡str✐❝t❡❞ ❜② t❤❡ ❈❋▲ ❝♦♥❞✐t✐♦♥✳ ❲❡ ❝♦♠✲
❜✐♥❡ t❤✐s s❝❤❡♠❡ ✇✐t❤ ❛ s❡❝♦♥❞ ♦r❞❡r ✐♥ t✐♠❡ ❙tr❛♥❣ s♣❧✐tt✐♥❣ ♠❡t❤♦❞✳ ❚❤❡
r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❱❧❛s♦✈ ❊q✳ ✭✶✮ ✐s ♥♦t t❤❡ t♦♣✐❝ ♦❢ t❤✐s ♣❛♣❡r ❛♥❞ ✇❡ r❡❢❡r

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✹

t❤❡ r❡❛❞❡r t♦ ❬✶✱ ✹❪ ❢♦r ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥s✳ ❲❡ ✇✐❧❧ ♦♥❧② r❡❝❛❧❧ ❛ ❢❡✇ ✐ss✉❡s
❝♦♥❝❡r♥✐♥❣ t❤❡ ♣❛r❛❧❧❡❧ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ✉s❡❞ ❜② t❤✐s ❱❧❛s♦✈ s♦❧✈❡r✳

▲❛r❣❡ ❞❛t❛ str✉❝t✉r❡s ❛r❡ ✉s❡❞ ✐♥ ❱❧❛s♦✈ ❛♥❞ ❋✐❡❧❞ s♦❧✈❡r✿ t❤❡ ✺❉ ❞❛t❛ f̄ ✱
❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ♣♦t❡♥t✐❛❧ Φ ✇❤✐❝❤ ✐s ❛ ✸❉ ❞❛t❛ ✭❛♥❞ ❛❧s♦ s♦♠❡ ♦❢ ❞❡r✐✈❛t✐✈❡s ♦❢
t❤❡ ❣②r♦❛✈❡r❛❣❡ ♦❢ Φ ❛❧♦♥❣ s♣❛t✐❛❧ ❞✐♠❡♥s✐♦♥s ❛s ✇❡ ✇✐❧❧ s❡❡✮✳ ❚❤❡ s✐③❡s ♦❢ t❤❡s❡
str✉❝t✉r❡s ❛r❡ ♣❛r❛♠❡tr✐③❡❞ ❜② t❤❡ ❞✐s❝r❡t✐③❛t✐♦♥ ❛❧♦♥❣ t❤❡ ❞✐♠❡♥s✐♦♥s✳ ▲❡t Nr✱
Nθ✱ Nϕ✱ Nv‖

✱ Nµ ❜❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts ✐♥ ❡❛❝❤ ❞✐♠❡♥s✐♦♥ r✱ θ✱
ϕ✱ v‖✱ µ✳ ❚❤❡ s✐③❡ ♦❢ ✺❉ ❛♥❞ ✸❉ ❞❛t❛ ❛r❡ (Nr Nθ Nϕ Nv‖

Nµ) ❛♥❞ (Nr Nθ Nϕ)✳
■♥ t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✱ ❛s µ ❛❝ts ❛s ❛ ♣❛r❛♠❡t❡r✱ ✇❡ ❣✐✈❡ t❤❡ r❡s♣♦♥s✐❜✐❧✐t② ♦❢

❡❛❝❤ ✈❛❧✉❡ ♦❢ µ t♦ ❛ ❣✐✈❡♥ s❡t ♦❢ ▼P■ ♣r♦❝❡ss❡s ❬✹❪ ✭❛ ▼P■ ❝♦♠♠✉♥✐❝❛t♦r✮✳ ❲❡
✜①❡❞ t❤❛t t❤❡r❡ ❛r❡ ❛❧✇❛②s Nµ s❡ts ♦❢ ♣r♦❝❡ss❡s✱ s✉❝❤ ❛s ♦♥❧② ♦♥❡ µ ✈❛❧✉❡ ✐s
❛ttr✐❜✉t❡❞ t♦ ❡❛❝❤ ❝♦♠♠✉♥✐❝❛t♦r✳ ❲✐t❤✐♥ ❡❛❝❤ s❡t✱ ❛ ✷❉ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥
❛❧❧♦✇s ✉s t♦ ❛ttr✐❜✉t❡ t♦ ❡❛❝❤ ▼P■ Pr♦❝❡ss ❛ s✉❜❞♦♠❛✐♥ ✐♥ (r, θ) ❞✐♠❡♥s✐♦♥s✳
❚❤✉s✱ ❛ ▼P■ ♣r♦❝❡ss ✐s t❤❡♥ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ st♦r❛❣❡ ♦❢ t❤❡ s✉❜❞♦♠❛✐♥ ❞❡✜♥❡❞
❜②

f̄(r = [istart, iend], θ = [jstart, jend], ϕ = ∗, v‖ = ∗, µ = µvalue) .

❚❤❡ ♣❛r❛❧❧❡❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ✉s❡❞ ✐♥ t❤❡ ❱❧❛s♦✈ s♦❧✈❡r ✐s ✐♥✐t✐❛❧❧② s❡t ✉♣ t❤❛♥❦s
t♦ t❤❡ ❧♦❝❛❧❧② ♦✇♥❡❞ ♣❛r❛♠❡t❡rs ❧✐st ✭istart, iend, jstart, jend, µvalue✮✳ ❚❤❡② ❛r❡
❞❡r✐✈❡❞ ❢r♦♠ ❛ ❝❧❛ss✐❝❛❧ ❜❧♦❝❦ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ r ❞♦♠❛✐♥ ♦❢ s✐③❡ Nr ✐♥t♦ pr

♣✐❡❝❡s✱ ❛♥❞ ♦❢ t❤❡ θ ❞♦♠❛✐♥ ♦❢ s✐③❡ Nθ ✐♥t♦ pθ s✉❜❞♦♠❛✐♥s✳ ■t ❡♥❞s ✉♣ t❤❛t t❤❡
♥✉♠❜❡rs ♦❢ ▼P■ ♣r♦❝❡ss ✉s❡❞ ❞✉r✐♥❣ ♦♥❡ r✉♥ ✐s ❡q✉❛❧ t♦ pr × pθ × Nµ✳ ■♥s✐❞❡
❡❛❝❤ ▼P■ ♣r♦❝❡ss✱ ❖♣❡♥▼P t❤r❡❛❞s ❣✐✈❡ ❛❝❝❡ss t♦ ✜♥❡✲❣r❛✐♥❡❞ ♣❛r❛❧❧❡❧✐s♠✳

✷✳✷ ◗✉❛s✐♥❡✉tr❛❧✐t② ❡q✉❛t✐♦♥

❚❤❡ q✉❛s✐✲♥❡✉tr❛❧✐t② ❡q✉❛t✐♦♥ ❛♥❞ ♣❛r❛❧❧❡❧ ❆♠♣❡r❡✬s ❧❛✇ ❝❧♦s❡ t❤❡ s❡❧❢✲❝♦♥s✐st❡♥t
❣②r♦❦✐♥❡t✐❝ ❱❧❛s♦✈✲▼❛①✇❡❧❧ s②st❡♠✳ ❍♦✇❡✈❡r✱ ✐♥ ❛♥ ❡❧❡❝tr♦st❛t✐❝ ❝♦❞❡ ❛s ●❨✲
❙❊▲❆✱ t❤❡ ✜❡❧❞ s♦❧✈❡r r❡❞✉❝❡s t♦ t❤❡ ♥✉♠❡r✐❝❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ q✉❛s✐✲♥❡✉tr❛❧✐t②
P♦✐ss♦♥ ❡q✉❛t✐♦♥ ✭✸✮ ✭s❡❡ ❬✸❪✮✳ ■t r❡q✉✐r❡s t❤❡ s♦❧✈✐♥❣ ♦❢ ❛ 3✲❞✐♠❡♥s✐♦♥❛❧ ❡q✉❛✲
t✐♦♥✳ ■♥ t❤❡ ❢♦r♠ ✇❡ ❛r❡ ✇♦r❦✐♥❣ ♦♥✱ t❤✐s ❡q✉❛t✐♦♥ ✐♥✈♦❧✈❡s ❛ ♥♦♥ ❧♦❝❛❧ t❡r♠✱ t❤❡
❛✈❡r❛❣❡ ♦❢ Φ ❛❧♦♥❣ (θ, ϕ) ❞✐♠❡♥s✐♦♥s✱ ✇❤✐❝❤ ♣❡♥❛❧✐③❡s t❤❡ ♣❛r❛❧❧❡❧❧✐③❛t✐♦♥ ❬✺✱ ✻❪✳

❖♥❡ ♦❢ t❤❡ ♣♦ss✐❜❧❡ ✇❛②s t♦ ♥✉♠❡r✐❝❛❧❧② tr❡❛t t❤❡ q✉❛s✐✲♥❡✉tr❛❧✐t② ❡q✉❛t✐♦♥
❝♦♥s✐sts ✐♥ t❤❡ ✉s❡ ♦❢ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✱ ♦t❤❡r ❝❤♦✐❝❡s ❝❛♥ ❜❡ t♦ ✉s❡ ♠✉❧t✐✲
❣r✐❞ ♠❡t❤♦❞ ♦r ❛ ❞✐r❡❝t s♦❧✈❡r ❢♦r ❡①❛♠♣❧❡✳ ❊✈❡♥ ✐❢ t❤❡ ❋❋❚ ❛♣♣r♦❛❝❤ ✐s ♥♦t
❛❞❛♣t❡❞ t♦ ❣❡♥❡r❛❧ ❣❡♦♠❡tr✐❡s ❬✼❪✱ ✐❢ ♦♥❡ ❤❛s ❛ ♣❡r✐♦❞✐❝ ❞✐r❡❝t✐♦♥ ✐t r❡♠❛✐♥s ❛
❢❛st✱ s✐♠♣❧❡ ❛♥❞ ❛❝❝✉r❛t❡ ♠❡t❤♦❞✳ ❍❡♥❝❡✱ ✇❡ ♣r♦♣♦s❡ ❤❡r❡ ❛ ♥❡✇ ◗✉❛s✐♥❡✉tr❛❧
s♦❧✈❡r ❜❛s❡❞ ♦♥ ❋❋❚✳

■♥ t♦❦❛♠❛❦ ❝♦♥✜❣✉r❛t✐♦♥s✱ t❤❡ ♣❧❛s♠❛ q✉❛s✐♥❡✉tr❛❧✐t② ✭❞❡♥♦t❡❞ ◗◆✮ ❛♣♣r♦①✲
✐♠❛t✐♦♥ ✐s ❝✉rr❡♥t❧② ❛ss✉♠❡❞ ❬✶✱ ✸❪✳ ❚❤✐s ❧❡❛❞s t♦ ni = ne ✇❤❡r❡ ni ✭r❡s♣✳ ne✮ ✐s
t❤❡ ✐♦♥✐❝ ✭r❡s♣✳ ❡❧❡❝tr♦♥✐❝✮ ❞❡♥s✐t②✳ ❖♥ t❤❡ ♦♥❡ s✐❞❡✱ ❡❧❡❝tr♦♥ ✐♥❡rt✐❛ ✐s ✐❣♥♦r❡❞✱
✇❤✐❝❤ ♠❡❛♥s t❤❛t ❛♥ ❛❞✐❛❜❛t✐❝ r❡s♣♦♥s❡ ♦❢ ❡❧❡❝tr♦♥s ❛r❡ s✉♣♣♦s❡❞✳ ❖♥ t❤❡ ♦t❤❡r
s✐❞❡✱ t❤❡ ✐♦♥✐❝ ❞❡♥s✐t② s♣❧✐ts ✐♥t♦ t✇♦ ♣❛rts✳ ❯s✐♥❣ t❤❡ ♥♦t❛t✐♦♥ ∇⊥ = (∂r,

1
r ∂θ)✱

t❤❡ s♦✲❝❛❧❧❡❞ ❧✐♥❡❛r✐③❡❞ ♣♦❧❛r✐③❛t✐♦♥ ❞❡♥s✐t② npol ✇r✐t❡s

npol(r, θ, ϕ) = −∇⊥ .

[

n0(r)

B0
∇⊥Φ(r, θ, ϕ)

]

,

✇❤❡r❡ n0 ✐s t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❞❡♥s✐t②✱ B0 t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛t t❤❡ ♠❛❣♥❡t✐❝
❛①✐s✳ ❙❡❝♦♥❞✱ t❤❡ ❣✉✐❞✐♥❣✲❝❡♥t❡r ❞❡♥s✐t② nGi ✐s

nGi(r, θ, ϕ) = 2π

∫

B(r, θ)dµ

∫

dv//J0(k⊥
√

2µ)f̄(r, θ, ϕ, v//, µ), ✭✷✮
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❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✺

✇❤❡r❡ B ✐s t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ J0 ✐s t❤❡ ❇❡ss❡❧ ❢✉♥❝t✐♦♥ ❛♥❞ k⊥ ✐s t❤❡ tr❛♥s✈❡rs❡
❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ✇❛✈❡ ✈❡❝t♦r ❛♥❞ Te(r) t❤❡ ❡❧❡❝tr♦♥✐❝ t❡♠♣❡r❛t✉r❡✳ ❍❡♥❝❡✱ t❤❡
◗◆ ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ✐♥ ❞✐♠❡♥s✐♦♥❧❡ss ✈❛r✐❛❜❧❡s

− 1

n0(r)
∇⊥ .

[

n0(r)

B0
∇⊥Φ(r, θ, ϕ)

]

+
1

Te(r)

[

Φ(r, θ, ϕ) − 〈Φ〉θ,ϕ (r)
]

= ρ̃(r, θ, ϕ)

✭✸✮
✇❤❡r❡ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ρ̃ ✐s ❣✐✈❡♥ ❜②

ρ̃(r, θ, ϕ) =
2π

n0(r)

∫

B(r, θ)dµ

∫

dv//J0(k⊥
√

2µ)(f̄ − f̄eq)(r, θ, ϕ, v//, µ). ✭✹✮

■♥ t❤✐s ❧❛st ❡q✉❛t✐♦♥✱ f̄eq ❞❡♥♦t❡s ❛♥ ❡❧❡❝tr♦♥✐❝ ❧♦❝❛❧ ▼❛①✇❡❧❧✐❛♥ ❡q✉✐❧✐❜r✐✉♠✱
❛♥❞ 〈〉θ,ϕ t❤❡ ❛✈❡r❛❣❡ ♦♥t♦ t❤❡ ✈❛r✐❛❜❧❡s θ, ϕ✳

❖✉r ◗◆ s♦❧✈❡r ✐♥❝❧✉❞❡s t✇♦ ❝♦♠♣✉t❛t✐♦♥ ♣❛rts✳ ❋✐rst✱ t❤❡ ❢✉♥❝t✐♦♥ ρ̃ ✐s
❞❡r✐✈❡❞ t❛❦✐♥❣ ❛s ✐♥♣✉t ❢✉♥❝t✐♦♥ f̄ ❝♦♠✐♥❣ ❢r♦♠ ❱❧❛s♦✈ s♦❧✈❡r✳ ❙♣❡❝✐✜❝ ♠❡t❤✲
♦❞s ❬✻❪ ❛r❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❣②r♦❛✈❡r❛❣❡ ♦♣❡r❛t♦r J0 ♦♥ (f̄ − f̄eq) ✐♥ ❊q✳ ✭✹✮✳
❙❡❝♦♥❞✱ t❤❡ ✸❉ ♣♦t❡♥t✐❛❧ Φ ✐s ❢♦✉♥❞ ✐♥ ❝♦♠♣✉t✐♥❣ ❞✐s❝r❡t❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠s ♦❢
ρ̃✱ ❢♦❧❧♦✇❡❞ ❜② s♦❧✈✐♥❣ ♦❢ tr✐❞✐❛❣♦♥❛❧ s②st❡♠s ❛♥❞ ✐♥✈❡rs❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠s✳ ❋♦r
t❤✐s st❡♣✱ s❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s ❤❛✈❡ ❜❡❡♥ ❢♦r❡s❡❡♥ ❬✺✱ ✻❪✳ ❚❤❡ ♥♦✈❡❧ ❛❧❣♦r✐t❤♠ ♣r❡✲
s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r r❡t❛✐♥s ❝♦♠♣♦♥❡♥ts ♦❢ ❬✺❪✱ ✇❤✐❧❡ ✐♠♣r♦✈✐♥❣ ✐ts ♣❡r❢♦r♠❛♥❝❡s✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ✇✐❧❧ r❡❢❡r t♦ s♦♠❡ ✸❉ ❞❛t❛ str✉❝t✉r❡s ❛s ✸❉ ✜❡❧❞ ❞❛t❛✳
❚❤❡② ❛r❡ ♣r♦❞✉❝❡❞ ❛♥❞ ❞✐str✐❜✉t❡❞ ♦✈❡r t❤❡ ♣❛r❛❧❧❡❧ ♠❛❝❤✐♥❡ ❥✉st ❛❢t❡r t❤❡ ◗◆
s♦❧✈❡r✱ ♦♥❝❡ ✇❡ ❦♥♦✇ t❤❡ ❡❧❡❝tr✐❝ ♣♦t❡♥t✐❛❧ Φ✳ ❚❤❡s❡ ✜❡❧❞ ❞❛t❛ s❡t✱ ♥❛♠❡❧②✿

Φ,
∂J0(k⊥

√
2µ)Φ

∂r
,
∂J0(k⊥

√
2µ)Φ

∂θ
,
∂J0(k⊥

√
2µ)Φ

∂ϕ
,

❛r❡ ❞✐str✐❜✉t❡❞ ♦♥ ♣r♦❝❡ss❡s ✐♥ ❛ ✇❛② t❤❛t ❡①❝❧✉s✐✈❡❧② ❞❡♣❡♥❞s ♦♥ t❤❡ ♣❛r❛❧❧❡❧ ❞♦✲
♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ❝❤♦s❡♥ ✐♥ t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✳ ■♥❞❡❡❞✱ t❤❡② ❛r❡ ✐♥♣✉ts ❢♦r t❤❡

❣②r♦❦✐♥❡t✐❝ ❱❧❛s♦✈ ❊q✳ ✭✶✮✱ ❛♥❞ t❤❡② ♣❧❛② ❛ ♠❛❥♦r r♦❧❡ ✐♥ t❡r♠s ❞r
❞t

, ❞θ
❞t

, ❞ϕ

❞t
,
❞v‖

❞t

♥♦t ❞❡t❛✐❧❡❞ ❤❡r❡✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ✇✐❧❧ ✉s❡ ✶ t❤❡ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ✐♥ (r, θ)
❞❡s❝r✐❜❡❞ ✐♥ ❬✹❪✳ ❙♦ ✇❡ ♥❡❡❞ t❤❛t t❤❡ s✉❜❞♦♠❛✐♥ ♦✇♥❡❞ ❜② ❡❛❝❤ ▼P■ ♣r♦❝❡ss
❤❛s t❤❡ ❢♦r♠ (r = [istart, iend], θ = [jstart, jend], ϕ = ∗) ❢♦r t❤❡ ✸❉ ✜❡❧❞ ❞❛t❛✳
❚❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ✸❉ ✜❡❧❞ ❞❛t❛ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✸✳

✸ ❙❝❛❧❛❜❧❡ ❛❧❣♦r✐t❤♠ ❢♦r t❤❡ ◗◆ s♦❧✈❡r

✸✳✶ ✶❉ ❋♦✉r✐❡r tr❛♥s❢♦r♠s ♠❡t❤♦❞

❚❤❡ ♠❡t❤♦❞ t❤❛t ❢♦❧❧♦✇s ❝♦♥s✐❞❡rs ♦♥❧② ✶❉ ❋❋❚s ✐♥ θ ❞✐♠❡♥s✐♦♥ ❛♥❞ ✉♥❝♦✉♣❧❡
❤❛r❞❧② ❛❧❧ ❝♦♠♣✉t❛t✐♦♥s ✐♥ t❤❡ ϕ ❞✐r❡❝t✐♦♥✳ ❚❤✐s ❛❧❧♦✇s ❢♦r ❧♦♦♣ ♣❛r❛❧❧❡❧✐③❛t✐♦♥
❛❧♦♥❣ t❤✐s ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❡q✉❛t✐♦♥ ✭✸✮ ❛✈❡r❛❣❡❞ ♦♥ (θ, ϕ) ❣✐✈❡s ✿

−
∂2 〈Φ〉θ,ϕ (r)

∂r2
− [

1

r
+

1

n0(r)

∂n0(r)

∂r
]
∂ 〈Φ〉θ,ϕ (r)

∂r
= 〈ρ̃〉θ,ϕ (r) ✭✺✮

✶❚❤❡ ✸❉ ✜❡❧❞ ❞❛t❛ ❝❛♥ ❜❡ s♣❧✐tt❡❞ ❛❝r♦ss ♣r♦❝❡ss❡s ✐♥ ❛♥♦t❤❡r ✇❛② ✐♥ t❤❡ ●❨❙❊▲❆ ❝♦❞❡✳

❆♥♦t❤❡r ❱❧❛s♦✈ s♦❧✈❡r ✐s ❛✈❛✐❧❛❜❧❡ ✐♥ ✇❤✐❝❤ s♦♠❡ ✸❉ ❞❛t❛ ❛r❡ ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ ϕ ❞✐♠❡♥s✐♦♥✳

❚❤❡ t❡❝❤♥✐q✉❡ s❤♦✇♥ ❤❡r❡ ✐s ❛❧s♦ ❛♣♣❧✐❡❞ ✐♥ t❤✐s ❞✐✛❡r❡♥t s❡tt✐♥❣✱ ❜✉t ✐t ❣❡♥❡r❛t❡s ❢❡✇ ♠♦r❡

❝♦♠♠✉♥✐❝❛t✐♦♥s ❛♥❞ ✐s ❛ ❧✐tt❧❡ ❜✐t ♠♦r❡ ❝♦♠♣❧❡①✳
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❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✻

❆ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ✐♥ θ ❞✐r❡❝t✐♦♥ ❣✐✈❡s✿

Φ(r, θ, ϕ) =
∑

u Φ̂u(r, ϕ)ei u θ

ρ̃(r, θ, ϕ) =
∑

u ρ̂u(r, ϕ)ei u θ ✭✻✮

❚❤❡ ❡q✉❛t✐♦♥ ✭✸✮ ❝♦✉❧❞ ❜❡ r❡✇r✐tt❡♥ ❛s✿

❢♦r u > 0 :

−∂2Φ̂u(r, ϕ)

∂r2
− [

1

r
+

1

n0(r)

∂n0(r)

∂r
]
∂Φ̂u(r, ϕ)

∂r
+

u2

r2
Φ̂u(r, ϕ) +

Φ̂u(r, ϕ)

Zi Te(r)
= ρ̂u(r, ϕ) ✭✼✮

❢♦r u = 0 :

∂2 〈Φ〉θ (r, ϕ)

∂r2
− [

1

r
+

1

n0(r)

∂n0(r)

∂r
]
∂ 〈Φ〉θ (r, ϕ)

∂r
+

〈Φ〉θ (r, ϕ) − 〈Φ〉θ,ϕ (r)

Zi Te(r)
= 〈ρ̃〉θ (r, ϕ) ✭✽✮

❚❤❡ ❡q✉❛t✐♦♥ ✭✺✮ ❛❧❧♦✇s ♦♥❡ t♦ ❞✐r❡❝t❧② ✜♥❞ ♦✉t t❤❡ ✈❛❧✉❡ ♦❢ 〈Φ〉θ,ϕ (r)
❢r♦♠ t❤❡ ✐♥♣✉t ❞❛t❛ 〈ρ̃〉θ,ϕ (r)✳ ▲❡t ✉s ❞❡✜♥❡ t❤❡ ❢✉♥❝t✐♦♥ Υ(r, θ, ϕ) ❛s
Φ(r, θ, ϕ) − 〈Φ〉θ,ϕ (r)✳ ❙✉❜str❛❝t✐♥❣ ❡q✉❛t✐♦♥ ✭✺✮ t♦ ❡q✉❛t✐♦♥ ✭✽✮ ❧❡❛❞s t♦

−∂2 〈Υ〉θ (r, ϕ)

∂r2
− [

1

r
+

1

n0(r)

∂n0(r)

∂r
]
∂ 〈Υ〉θ (r, ϕ)

∂r
+

〈Υ〉θ (r, ϕ)

Zi Te(r)
= 〈ρ̃〉θ (r, ϕ) − 〈ρ〉θ,ϕ (r) ✭✾✮

▲❡t ✉s ♥♦t✐❝❡ t❤❛t Φ̂0(r,ϕ)=〈Υ〉θ(r,ϕ)+〈Φ〉θ,ϕ(r)✳ ❙♦✱ t❤❡ s♦❧✈✐♥❣ ♦❢ ❡q✉❛t✐♦♥s ✭✺✮
❛♥❞ ✭✾✮ ❛❧❧♦✇s ♦♥❡ t♦ ❝♦♠♣✉t❡ 〈Φ〉θ,ϕ(r),〈Υ〉θ(r,ϕ) ❛♥❞ Φ̂0(r,ϕ) ❢r♦♠ t❤❡ q✉❛♥t✐t✐❡s
〈ρ̃〉θ(r,ϕ) ❛♥❞ 〈ρ̃〉θ,ϕ(r)✳

❚❤❡♥✱ t❤❡ ❡q✉❛t✐♦♥ ✭✼✮ ✐s s✉✣❝✐❡♥t t♦ ❝♦♠♣✉t❡ Φ̂u>0(r, ϕ) ❢r♦♠ ρ̃✳ ❚❤❡
❞✐✛❡r❡♥t ❡q✉❛t✐♦♥s ❛r❡ s♦❧✈❡❞ ✉s✐♥❣ ❛ ▲❯ ❞❡❝♦♠♣♦s✐t✐♦♥ ♣r❡❝♦♠♣✉t❡❞ ♦♥❝❡✳
▼♦r❡♦✈❡r✱ ✈❛r✐❛❜❧❡ ϕ ❛❝ts ❛s ❛ ♣❛r❛♠❡t❡r ✐♥ ❡q✉❛t✐♦♥ ✭✼✮✱ ❛❧❧♦✇✐♥❣ ❝♦♠♣✉t❛t✐♦♥s
t♦ ❜❡ ♣❛r❛❧❧❡❧✐③❡❞✳

✸✳✷ ❉❛t❛ ❞✐str✐❜✉t✐♦♥ ✐ss✉❡s

❲❡ ❛ss✉♠❡ t✇♦ ♠❛✐♥ ❤②♣♦t❤❡s✐s ❝♦♥❝❡r♥✐♥❣ t❤❡ ❞❛t❛ ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ◗◆
s♦❧✈❡r✿ ✶✮ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ◗◆ s♦❧✈❡r ❡❛❝❤ ♣r♦❝❡ss ❦♥♦✇s t❤❡ ✈❛❧✉❡s ♦❢ ❛
s✉❜❞♦♠❛✐♥ f̄(r =[istart, iend], θ =[jstart, jend], ϕ= ∗, v// = ∗, µ=µvalue) ✭♦✉t♣✉t
♦❢ t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✮✱ ❞✐str✐❜✉t❡❞ ♦✈❡r ♣r♦❝❡ss❡s✳ ■♥ ❡❛r❧✐❡r ✇♦r❦s ❬✺✱ ✻❪✱ ✇❡ ✉s❡❞
t♦ s✐♠♣❧✐❢② t❤❡ ♣r♦❜❧❡♠ ♦❢ ❞❛t❛ ❞❡♣❡♥❞❛♥❝✐❡s ✐♥ ❜r♦❛❞❝❛st✐♥❣ t❤❡ ❡♥t✐r❡ Φ ❞❛t❛
str✉❝t✉r❡ t♦ ❛❧❧ ♣r♦❝❡ss❡s ❛♥❞ t♦ ❝♦♠♣✉t❡ ✐♥ ❡❛❝❤ ▼P■ ♣r♦❝❡ss t❤❡ ❞❡r✐✈❛t✐✈❡s
♦❢ ❣②r♦❛✈❡r❛❣❡❞ ❡❧❡❝tr✐❝ ♣♦t❡♥t✐❛❧ r❡❞♦♥❞❛♥t❧②✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤✐s str❛t❡❣② ❧❡❛❞s
t♦ ❛ ❜♦tt❧❡♥❡❝❦ ❢♦r ❧❛r❣❡ ♣❧❛t❢♦r♠s ✭t②♣✐❝❛❧❧② ♠♦r❡ t❤❛♥ ✹❦ ❝♦r❡s✮✳ ■♥❞❡❡❞✱ t❤❡
❜r♦❛❞❝❛st ✐♥✈♦❧✈❡s ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♠♦✉♥t t❤❛t ❣r♦✇s ❧✐♥❡❛r❧② ✇✐t❤ t❤❡ ♥✉♠✲
❜❡r ♦❢ ♣r♦❝❡ss❡s✱ ❛♥❞ t❤❡ s❡q✉❡♥t✐❛❧ ♥❛t✉r❡ ♦❢ ❞❡r✐✈❛t✐✈❡s ❝♦♠♣✉t❛t✐♦♥ ❜❡❝♦♠❡s
❛❧s♦ ♣r♦❜❧❡♠❛t✐❝✳ ❚❤❡s❡ t✇♦ ♦✈❡r❤❡❛❞s ❛r❡ ✉♥♥❡❝❡ss❛r②✱ ❡✈❡♥ t❤❡② s✐♠♣❧✐❢② t❤❡
✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ✈❛r✐♦✉s ❞✐❛❣♥♦st✐❝s ❛♥❞ r❡❞✉❝❡s ❛❧s♦ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❞❛t❛
♠❛♥❛❣❡♠❡♥t✳ ■♥ t❤❡ ✈❡rs✐♦♥ ♣r❡s❡♥t❡❞ ❤❡r❡✱ ♦♥❧② ❛ s♠❛❧❧ s✉❜❞♦♠❛✐♥ ♦❢ Φ ✐s s❡♥t
t♦ ❡❛❝❤ ♣r♦❝❡ss ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ◗◆ s♦❧✈❡r✳ ❆❧s♦✱ ❛ ❞✐str✐❜✉t❡❞ ❛❧❣♦r✐t❤♠ ❝♦♠✲
♣✉t❡s t❤❡ ❞❡r✐✈❛t✐✈❡s ♦❢ J0(k⊥

√
2µ)Φ✱ ❛s ②♦✉ ✇✐❧❧ s❡❡ ✐♥ ❆❧❣♦✳ ✷ ❜❡❝❛✉s❡ t❤❡s❡

q✉❛♥t✐t❡s ❛r❡ ✐♥♣✉ts ♦❢ ❱❧❛s♦✈ s♦❧✈❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ❢♦r
t❤✐s ✸❉ ✜❡❧❞ ❞❡r✐✈❛t✐✈❡s ♦♥ ♠✉st ♠❛t❝❤ t❤❡ ♥❡❡❞s ♦❢ t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✳

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✼

✸✳✸ P❛r❛❧❧❡❧ ❛❧❣♦r✐t❤♠ ❞❡s❝r✐♣t✐♦♥s

❚❤❡ ❛❧❣♦r✐t❤♠ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛r❛❣r❛♣❤ ❞❡s❝r✐❜❡s ❛ s❝❛❧❛❜❧❡ ♣❛r❛❧❧❡❧ ❛❧❣♦r✐t❤♠
♦❢ t❤❡ ◗◆ s♦❧✈❡r✷✳

❆❧❣♦r✐t❤♠ ✶✿ P❛r❛❧❧❡❧ ❛❧❣♦r✐t❤♠ ❢♦r t❤❡ ◗◆ s♦❧✈❡r

■♥♣✉t ✿ ❧♦❝❛❧ ❜❧♦❝❦✶

f̄(r = [istart, iend], θ = [jstart, jend], ϕ = ∗, v// = ∗, µ = µvalue)

✷

✭✯ t❛s❦ ✶✯✮✸

❈♦♠♣✉t❛t✐♦♥ ✿ ρ̃1 ❜② ✐♥t❡❣r❛t✐♦♥ ✐♥ dv// ♦❢ f̄✹

✭♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐♥ µ, r, θ✮✺

❙❡♥❞ ❧♦❝❛❧ ❞❛t❛ ρ̃1(r = [istart, iend]), θ = [jstart, jend], ϕ = ∗, µ = µvalue)✻

❘❡❞✐str✐❜✉t❡ ρ̃1 ✴ ❙②♥❝❤r♦♥✐③❛t✐♦♥✼

❘❡❝❡✐✈❡ ❜❧♦❝❦ ρ̃1(r = ∗, θ = ∗, ϕ = [sϕ
start, s

ϕ
end

], µ = [sµ
start, s

µ
end

])✽

✾

✭✯ t❛s❦ ✷✯✮✶✵

❢♦r ϕ = [sϕ
start, s

ϕ
end] and µ = [sµ

start, s
µ
end] ❞♦✶✶

✭♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐♥ µ, ϕ✮✶✷

❈♦♠♣✉t❛t✐♦♥ ✿ ❢r♦♠ ρ̃1 ❛t ♦♥❡ ϕ✱ ❝♦♠♣✉t❡s ρ̃2 ❛♣♣❧②✐♥❣ J0(k⊥
√

2µ)✶✸

✭❋♦✉r✐❡r tr❛♥s❢♦r♠ ✐♥ θ✱ ❙♦❧✈✐♥❣ ♦❢ ▲❯ s②st❡♠s ✐♥ r✮✶✹

∀µ ∈ [sµ
start, s

µ
end]

❈♦♠♣✉t❛t✐♦♥ ✿ ρ̃3 ❢♦r ❛ ❣✐✈❡♥ ϕ ❜② ✐♥t❡❣r❛t✐♦♥ ✐♥ dµ ♦❢ ρ̃2✶✺

❡♥❞✶✻

✐❢ [sµ
start, s

µ
end] 6= [0, Nµ − 1] t❤❡♥✶✼

❙❡♥❞ ❧♦❝❛❧ ❞❛t❛ ρ̃3(r = ∗, θ = ∗, ϕ = [sϕ
start, s

ϕ
end

])✶✽

❘❡❞✉❝❡ ❙✉♠ ρ̃ += ρ̃3 ✴ ❙②♥❝❤r♦♥✐③❛t✐♦♥✶✾

❘❡❝❡✐✈❡ s✉♠♠❡❞ ❜❧♦❝❦ ρ̃(r = ∗, θ = ∗, ϕ = [gstart, gend])✷✵

❡♥❞✷✶

✷✷

✭✯ t❛s❦ ✸✯✮✷✸

❢♦r ϕ = [gstart, gend] ❞♦✷✹

✭♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐♥ ϕ✮✷✺

❈♦♠♣✉t❛t✐♦♥ ✿ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ ρ̃ ✈❛❧✉❡s t♦ ❣❡t 〈ρ̃〉θ (r = ∗, ϕ)✷✻

❡♥❞✷✼

❙❡♥❞ ❧♦❝❛❧ ❞❛t❛ 〈ρ̃〉θ(r=∗,ϕ=[gstart,gend])✷✽

❇r♦❛❞❝❛st ♦❢ 〈ρ̃〉θ ✴ ❙②♥❝❤r♦♥✐③❛t✐♦♥✷✾

❘❡❝❡✐✈❡ 〈ρ̃〉θ(r=∗,ϕ=∗)✸✵

✸✶

✭✯ t❛s❦ ✹✯✮✸✷

❈♦♠♣✉t❛t✐♦♥ ✿ ❙♦❧✈✐♥❣ ♦❢ ▲❯ s②st❡♠ t♦ ✜♥❞ 〈Φ〉θ,ϕ ❢r♦♠ 〈ρ̃〉θ✱ ❡q✳ ✭✺✮✸✸

❢♦r ϕ = [gstart, gend] ❞♦✸✹

✭♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐♥ ϕ✮✸✺

❈♦♠♣✉t❛t✐♦♥ ✿ ✶❉ ❋❋❚s ♦❢ ρ̃ ♦♥ ❞✐♠❡♥s✐♦♥ ✭θ✮✸✻

❈♦♠♣✉t❛t✐♦♥ ✿ ❙♦❧✈✐♥❣ ♦❢ ▲❯ s②st❡♠s ❢♦r Φ̂ ♠♦❞❡s ✭∀u > 0✮✱ ❡q✳ ✭✼✮✸✼

❈♦♠♣✉t❛t✐♦♥ ✿ ❙♦❧✈✐♥❣ ♦❢ ▲❯ s②st❡♠ ❢♦r 〈Υ〉θ(r=∗,ϕ)✱ ❡q✳ ✭✾✮✸✽

❈♦♠♣✉t❛t✐♦♥ ✿ ❆❞❞✐♥❣ 〈Φ〉θ,ϕ t♦ 〈Υ〉θ(r=∗,ϕ) ❣✐✈❡s Φ̂0(r=∗,ϕ)✸✾

❈♦♠♣✉t❛t✐♦♥ ✿ ✐♥✈❡rs❡ ✶❉ ❋❋❚s ♦♥ Φ̂0 ❛♥❞ Φ̂u>0 t♦ ❣❡t Φ(r=∗,θ=∗,ϕ)✹✵

❡♥❞✹✶

❙❡♥❞ ❧♦❝❛❧ ❞❛t❛ Φ(r = ∗, θ = ∗, ϕ = [gstart, gend]) Nµ t✐♠❡s✹✷

❇r♦❛❞❝❛st ♦❢ ✈❛❧✉❡s ✴ ❙②♥❝❤r♦♥✐③❛t✐♦♥✹✸

❘❡❝❡✐✈❡ ❣❧♦❜❛❧ ❞❛t❛ Φ(r = ∗, θ = ∗, ϕ = [qstart, qend])✹✹

❖✉t♣✉ts ✿ Φ(r = ∗, θ = ∗, ϕ = [qstart, qend])✹✺

❚❤✐s ❛❧❣♦r✐t❤♠ ✐♠♣r♦✈❡s ♣r❡✈✐♦✉s ♦♥❡s ❬✶✱ ✺✱ ✻❪ ✐♥ ✐♥tr♦❞✉❝✐♥❣ ❛ ❜❡tt❡r ✇♦r❦
❞✐str✐❜✉t✐♦♥✱ ❛♥❞ ❛❧s♦ ✐♥ r❡❞✉❝✐♥❣ t❤❡ ✜♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡

✷❚❤✐s ❢♦r♠✉❧❛t✐♦♥ ✐s ♥♦t ②❡t ✈❛❧✐❞ ✐♥ t♦r♦ï❞❛❧ s❡tt✐♥❣✱ ❝②❝❧✐♥❞r✐❝❛❧ ❣❡♦♠❡tr② ✐s ✉s❡❞ ❤❡r❡✳

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✽

s♦❧✈❡r✱ ✇❡ ❞✐str✐❜✉t❡ t❤❡ ❡❧❡❝tr✐❝ ♣♦t❡♥t✐❛❧ Φ ❛♠♦♥❣ ♣r♦❝❡ss❡s✱ ✐♥st❡❛❞ ♦❢ ❜r♦❛❞✲
❝❛st✐♥❣ ✐t✳
❚❤❡ ♠❛✐♥ ✐❞❡❛ ♦❢ t❤❡ ❛❧❣♦r✐t❤♠ ✐s t♦ ❣❡t 〈Φ〉θ,ϕ ❢♦r s♦❧✈✐♥❣ ❡q✳ ✭✾✮✱ ❛♥❞ t❤❡♥ t♦

✉♥❝♦✉♣❧❡ ❝♦♠♣✉t❛t✐♦♥s ♦❢ Φ̂u ❛❧♦♥❣ ϕ ❞✐r❡❝t✐♦♥ ✐♥ t❤❡ P♦✐ss♦♥ s♦❧✈❡r ✭t❛s❦ ✹ ✐♥
t❤❡ ❢♦❧❧♦✇✐♥❣ ❧✐st✮✳ ❋✐♥❛❧❧②✱ ❡❛❝❤ ♣r♦❝❡ss s❡♥❞ ❡❛❝❤ ❧♦❝❛❧❧② ❝♦♠♣✉t❡❞ Φ(r, θ, ϕ)
✈❛❧✉❡ t♦ ♣r♦❝❡ss t❤❛t ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ✐t✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥ s❡q✉❡♥❝❡ ✐s✿

❼ ❚❛s❦ ✶✿ ✐♥t❡❣r❛t❡ f̄ ♦✈❡r v‖ ❞✐r❡❝t✐♦♥

❼ ❚❛s❦ ✷✿ ❝♦♠♣✉t❡ r✐❣❤✲❤❛♥❞ s✐❞❡ ρ̃ ✐♥ s✉♠♠✐♥❣ ♦✈❡r µ ❞✐r❡❝t✐♦♥

❼ ❚❛s❦ ✸✿ ♣❡r❢♦r♠ ❛✈❡r❛❣❡s 〈ρ̃〉θ(r=∗,ϕ=∗) ❛♥❞ 〈ρ̃〉θ,ϕ(r=∗)

❼ ❚❛s❦ ✹✿

✕ ❣❡t 〈Φ〉θ,ϕ ❢r♦♠ 〈ρ̃〉θ,ϕ t❤❛♥❦s t♦ ❡q✳ ✭✺✮

✕ ❋♦r ❡❛❝❤ ϕ ✈❛❧✉❡

⋄ ❋❋❚ ✐♥ θ ♦♥ ρ̃

⋄ ❞❡r✐✈❡ Φ̂u ♠♦❞❡s ✭∀u > 0✮ ✇✐t❤ ❡q✳ ✭✼✮

⋄ ❝♦♠♣✉t❡ 〈Υ〉θ(r=∗,ϕ) ✇✐t❤ ❡q✳ ✭✾✮

⋄ ❛❞❞ 〈Φ〉θ,ϕ+〈Υ〉θ(r=∗,ϕ) t♦ ❣❡t Φ̂0(r=∗,ϕ)

⋄ ✐♥✈❡rs❡ ❋❋❚ ✐♥ θ ♦♥ Φ̂

❚❤❡ ♣r❡s❡♥t❡❞ ❛❧❣♦r✐t❤♠ ✶ ❤❛s s♦♠❡ ♣❛r❛♠❡t❡rs✿ t❤❡ ♠❛♣♣✐♥❣s s✱ g ❛♥❞ q
t❤❛t ❛r❡ ❞❡t❛✐❧❡❞ ✐♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥✳ ❚❤❡② ❝❤❛r❛❝t❡r✐③❡s t❤❡ ❡✛❡❝t✐✈❡ ❞❛t❛
❛♥❞ ❝♦♠♣✉t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥s ♦♥ t❤❡ ♣❛r❛❧❧❡❧ ♠❛❝❤✐♥❡✳

❚❤❡ ❆❧❣♦✳ ✷ ❢♦❧❧♦✇s ✐♠♠❡❞✐❛t❧② t❤❡ ◗◆ s♦❧✈❡r✳ ■t ❛♣♣❧✐❡s t❤❡ ❣②r♦❛✈❡r❛❣❡ ♦♥
Φ ❛♥❞ t❤❡♥ ❝♦♠♣✉t❡s ✐ts ❞❡r✐✈❛t✐✈❡s ❛❧♦♥❣ s♣❛t✐❛❧ ❞✐♠❡♥s✐♦♥s✳ ❚❤❡s❡ ✸❉ ✜❡❧❞s
✭♥❛♠❡❞ A1, A2, A3 ✐♥ t❤❡ ❛❧❣♦r✐t❤♠✮ ❛r❡ ✐♥♣✉ts ♦❢ t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✳ ❚❤❡♥✱
t❤❡② ❛r❡ r❡❞✐str✐❜✉t❡❞ ✐♥ ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ st❡♣s ✐♥ ♦r❞❡r t♦ ♠❛t❝❤ t❤❡ ♠❛♣♣✐♥❣
♥❡❡❞❡❞ ❜② t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✳ ■♥ t❤❡ task 2✱ ❞❡r✐✈❛t✐✈❡s ❛❧♦♥❣ ϕ ❞✐r❡❝t✐♦♥ ❛r❡
❝♦♠♣✉t❡❞❀ t❤❡s❡ ❝♦♠♣✉t❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❞❡❧❛②❡❞ ❜❡❝❛✉s❡ ✐t ✐s ♠✉❝❤ ❡❛s✐❡r t♦
❞❡r✐✈❡ t❤❡♠ ❤❛✈✐♥❣ ❛❝❝❡ss t♦ ❛❧❧ ✈❛❧✉❡s ❛❧♦♥❣ ϕ ❞✐r❡❝t✐♦♥✳

❆❧❣♦r✐t❤♠ ✷✿ P❛r❛❧❧❡❧ ❛❧❣♦r✐t❤♠ t♦ ❣❡t ❞❡r✐✈❛t✐✈❡s ♦❢ t❤❡ ♣♦t❡♥t✐❛❧

■♥♣✉t ✿ ❧♦❝❛❧ ❜❧♦❝❦ Φ(r = ∗, θ = ∗, ϕ = [qstart, qend])✶

✷

✭✯ t❛s❦ ✶✯✮✸

❢♦r ϕ = [qstart, qend] and µ = µvalue ❞♦✹

✭♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐♥ µ, ϕ✮✺

❈♦♠♣✉t❛t✐♦♥ ✿ A0(r = ∗, θ = ∗, ϕ) = J0(k⊥
√

2µ) Φ(r = ∗, θ = ∗, ϕ)✻

A1(r = ∗, θ = ∗, ϕ) = ∂A0(r=∗,θ=∗,ϕ)
∂r✼

A2(r = ∗, θ = ∗, ϕ) = ∂A0(r=∗,θ=∗,ϕ)
∂θ✽

❡♥❞✾

❙❡♥❞ ❧♦❝❛❧ ❞❛t❛ A0|A1|A2(r = ∗, θ = ∗, ϕ = [qstart, qend])✶✵

❘❡❞✐str✐❜✉t❡ A0|A1|A2 ✐♥s✐❞❡ µ ❝♦♠♠✉♥✐❝❛t♦r✴ ❙②♥❝❤r♦♥✐③❛t✐♦♥✶✶

❘❡❝❡✐✈❡ ❜❧♦❝❦s A0|A1|A2(r = [istart, iend], θ = [jstart, jend], ϕ = ∗)✶✷

✶✸

✭✯ t❛s❦ ✷✯✮✶✹

❢♦r r = [istart, iend] and θ = [jstart, jend] and µ = µvalue ❞♦✶✺

✭♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✐♥ µ, r, θ✮✶✻

❈♦♠♣✉t❛t✐♦♥ ✿ A3(r, θ, ϕ = ∗) = ∂A0(r,θ,ϕ=∗)
∂ϕ✶✼

❡♥❞✶✽

✶✾

❖✉t♣✉ts ✿ A1|A2|A3(r = [istart, iend], θ = [jstart, jend], ϕ = ∗)✷✵

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✾

✸✳✹ ▼❛♣♣✐♥❣ ❢✉♥❝t✐♦♥s

❚❤❡ t✇♦ ♣r❡s❡♥t❡❞ ❛❧❣♦r✐t❤♠s ✉s❡ t❤r❡❡ ❞✐✛❡r❡♥t ♠❛♣♣✐♥❣s t♦ ❞✐str✐❜✉t❡ ❝♦♠✲
♣✉t❛t✐♦♥s ❛♥❞ ❞❛t❛ ♦♥ t❤❡ ♣❛r❛❧❧❡❧ ♠❛❝❤✐♥❡✳ ❚❤❡s❡ ♠❛♣♣✐♥❣s ❝♦♥❝❡r♥s ϕ ❛♥❞ µ
✈❛r✐❛❜❧❡s ❛♥❞ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡s ✶ ❛♥❞ ✷ ❢♦r ❛ ❧❛r❣❡ t❡st❜❡❞ ❛♥❞ ❛ s♠❛❧❧
♦♥❡ r❡s♣❡❝t✐✈❡❧②✳ ▲❡t #C ❜❡ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦r❡s ✉s❡❞ ❢♦r ❛ s✐♠✉❧❛t✐♦♥ r✉♥ ❛♥❞
#P ❜❡ t❤❡ ♥✉♠❜❡r ♦❢ ▼P■ ♣r♦❝❡ss✳ ❚❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s #T ♣❡r ▼P■ ♣r♦❝❡ss
✐s ✜①❡❞✱ s♦ ✇❡ ❤❛✈❡ #C = #P#T✳
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❋✐❣✉r❡ ✶✿ ▼❛♣♣✐♥❣s ♦❢ ϕ ❛♥❞ µ ✈❛r✐❛❜❧❡s ✭Nµ = 32, Nϕ = 16✮ ♦♥ ♣r♦❝❡ss❡s ❢♦r
❛ ❧❛r❣❡ t❡st❜❡❞ ✭#P = 1024✮
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❋✐❣✉r❡ ✷✿ ▼❛♣♣✐♥❣s ♦❢ ϕ ❛♥❞ µ ✈❛r✐❛❜❧❡s ✭Nµ = 8, Nϕ = 16✮ ♦♥ ♣r♦❝❡ss❡s ❢♦r ❛
s♠❛❧❧ t❡st❜❡❞ ✭#P = 8✮

❊❛❝❤ r❡❝t❛♥❣❧❡ ♦♥ t❤❡ ❋✐❣✉r❡s ✶ ❛♥❞ ✷ r❡♣r❡s❡♥ts ❛ ▼P■ ♣r♦❝❡ss✳ Pr♦❝❡ss❡s
✜❧❧❡❞ ✐♥ ❞❛r❦ ❣r❛② ♦r ❧✐❣❤t ❣r❛② ❤❛✈❡ ❝♦♠♣✉t❛t✐♦♥s t♦ ♣❡r❢♦r♠✱ ✇❤❡r❡❛s t❤❡ ✇❤✐t❡
❝♦❧♦r ❞❡♥♦t❡s ♣r♦❝❡ss❡s t❤❛t ❛r❡ ✐❞❧❡✳ ❚❤❡s❡ ♠❛♣♣✐♥❣s ❛❧s♦ ✐♠♣❧✐❝✐t❧② ♣r❡s❝r✐❜❡
❤♦✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❝❤❡♠❡s ❡①❝❤❛♥❣❡ ❞❛t❛ ❞✉r✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ t✇♦
❛❧❣♦r✐t❤♠s✳ ❲❡ ❣✐✈❡ ❤❡r❡ ❛ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡s❡ ♠❛♣♣✐♥❣s✿

❼ ▼❛♣♣✐♥❣ ❙ ✲ ■t ❞❡✜♥❡s t❤❡ r❛♥❣❡s ϕ ∈ [sϕ
start, s

ϕ
end] ❛♥❞ µ ∈ [sµ

start, s
µ
end]✳

■♥ t❤❡ t❛s❦ ✷ ♦❢ ◗◆ s♦❧✈❡r✱ ✇❡ ✉s❡ t❤✐s ♠❛♣♣✐♥❣ t♦ ❞✐str✐❜✉t❡ t❤❡ ❝♦♠♣✉✲

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✶✵

t❛t✐♦♥ ♦❢ t❤❡ ❣②r♦❛✈❡r❛❣❡ J0✳ ❚❤❡ ♠❛①✐♠❛❧ ♣❛r❛❧❧❡❧✐s♠ ✐s t❤❡♥ ♦❜t❛✐♥❡❞
✇❤❡♥❡✈❡r ❡❛❝❤ ❝♦r❡ ❤❛s ❛t ♠♦st ♦♥❡ ❣②r♦❛✈❡r❛❣❡ ♦♣❡r❛t♦r t♦ ❛♣♣❧②✳ ❲❡
❤❛✈❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶ t❤❛t ❡❛❝❤ ▼P■ ♣r♦❝❡ss
❤♦sts #T = 8 t❤r❡❛❞s✱ s♦ t❤❛t ✐t ❝❛♥ ❞❡❛❧ ✇✐t❤ ✽ ❣②r♦❛✈❡r❛❣✐♥❣ s✐♠✉❧✲
t❛♥♦✉s❧② ✭sµ

end − sµ
start + 1 = 8✮✳ ❚❤✐s ❞✐str✐❜✉t✐♦♥ ✐s ❝♦♠♣✉t❡❞ ✐♥ ❡s✲

t❛❜❧✐s❤✐♥❣ ❛ ❜❧♦❝❦ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞♦♠❛✐♥ [0,Nµ − 1] × [0,Nϕ − 1] ♦♥ #C
❝♦r❡s✳

❼ ▼❛♣♣✐♥❣ ● ✲ ■t ❞❡✜♥❡s t❤❡ r❛♥❣❡ [gstart, gend] ❢♦r t❤❡ ϕ ✈❛r✐❛❜❧❡✳ ❆
s✐♠♣❧❡ ❜❧♦❝❦ ❞❡❝♦♠♣♦s✐t✐♦♥ ✐s ✉s❡❞ ❛❧♦♥❣ ϕ ❞✐♠❡♥s✐♦♥✳ ❋♦r ❛ ❧❛r❣❡ ♥✉♠❜❡r
♦❢ ❝♦r❡s✱ t❤✐s ❞✐str✐❜✉t✐♦♥ ❣✐✈❡s t♦ ♣r♦❝❡ss❡s 0 t♦ Nϕ − 1 t❤❡ r❡s♣♦♥s❛❜✐❧✐t②
t♦ ❝♦♠♣✉t❡ t❤❡ Nϕ s❧✐❝❡s ♦❢ Φ ❞❛t❛ str✉❝t✉r❡ ✭t❛s❦ ✹ ♦❢ t❤❡ ◗◆ s♦❧✈❡r✮✳
❋♦r ❛ s♠❛❧❧ ♥✉♠❜❡r ♦❢ ❝♦r❡s ✭s❡❡ ❋✐❣✳ ✷✮✱ t❤✐s ♠❛♣♣✐♥❣ ✐s ✐❞❡♥t✐❝❛❧ t♦ ❙
♦♥❡ ✭[sµ

start, s
µ
end] = [0, Nµ − 1]✮✳ ■♥ s✉❝❤ ❝❛s❡✱ ✇❡ s❛✈❡ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥

st❡♣ ✐♥ t❛s❦ ✷ ♦❢ ◗◆ s♦❧✈❡r✳

❼ ▼❛♣♣✐♥❣ ◗ ✲ ❚❤❡ ♠❛♣♣✐♥❣ ◗ ❞❡✜♥❡s t❤❡ r❛♥❣❡ ϕ ∈ [qstart, qend] ✐♥ ❡❛❝❤
▼P■ ♣r♦❝❡ss✳ ❲❡ ✉s❡ ✐♥s✐❞❡ ❡❛❝❤ µ ❝♦♠♠✉♥✐❝❛t♦r ❛ ❜❧♦❝❦ ❞❡❝♦♠♣♦s✐t✐♦♥
❛❧♦♥❣ ϕ ❞✐♠❡♥s✐♦♥✳ ■t ✐s ❞❡s✐❣♥❡❞ t♦ ❝❛rr② ♦✉t t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❣②✲
r♦❛✈❡r❛❣❡ ♦❢ Φ✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ✐ts ❞❡r✐✈❛t✐✈❡s ✭❆❧❣♦✳ ✷✮✳
❚❤❡s❡ ❝❛❧❝✉❧❛t✐♦♥s ❞❡♣❡♥❞ ♦♥ t❤❡ ✈❛❧✉❡ ♦❢ µ✳ ■t ✐s ❝♦st ❡✛❡❝t✐✈❡ t♦ ♣❡r❢♦r♠
t❤❡♠ ✐♥s✐❞❡ ❛ µ ❝♦♠♠✉♥✐❝❛t♦r✿ ✇❡ ♥❡❡❞ t♦ ♦♥❧② ❧♦❝❛❧❧② r❡❞✐str✐❜✉t❡ ❞❛t❛
✐♥s✐❞❡ t❤❡ µ ❝♦♠♠✉♥✐❝❛t♦r ❛t t❤❡ ❡♥❞ ♦❢ ❆❧❣♦✳ ✷ ✐♥ ♦r❞❡r t♦ ♣r❡♣❛r❡ t❤❡
✐♥♣✉t ✸❉ ❞❛t❛ ✜❡❧❞s ❢♦r t❤❡ ❱❧❛s♦✈ s♦❧✈❡r✳

✸✳✺ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ❛♥❛❧②s✐s

▲❡t ✉s ❤❛✈❡ ❛ ❧♦♦❦ ♦♥ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ◗◆ s♦❧✈❡r
✭❆❧❣♦ ✶✮✳ ❋r♦♠ ❧✐♥❡ ✻ t♦ ❧✐♥❡ ✽✱ ❛ ✹❉ ❞❛t❛ ρ̃1 ✐s r❡❞✐str✐❜✉t❡❞ ✭❛ ❣❧♦❜❛❧ tr❛♥s♣♦s✐✲
t✐♦♥ t❤❛t ✐♥✈♦❧✈❡s ❛❧❧ ▼P■ ♣r♦❝❡ss❡s✮✳ ❚❤❡ ❛♠♦✉♥t ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ r❡♣r❡s❡♥ts
t❤❡ ❡①❝❤❛♥❣❡ ♦❢ NrNθ NϕNµ ✢♦❛ts✳ ❋♦r t❤❡ ❧✐♥❡s ✶✽ t♦ ✷✵✱ t❤❡ ❛♠♦✉♥t ♦❢ ❝♦♠✲
♠✉♥✐❝❛t✐♦♥ ✐s str✐❝t❧② ❧♦✇❡r t♦ NrNθ NϕNµ ✢♦❛ts✱ ❛♥❞ t✐❣❤t❧② ❞❡♣❡♥❞s ♦♥ t❤❡
♠❛♣♣✐♥❣ ❙✳ ❚❤❡ ❜r♦❛❞❝❛st ♦❢ ❧✐♥❡s ✷✽ t♦ ✸✵ ❝♦rr❡s♣♦♥❞s t♦ ❛ s♠❛❧❧❡r ❝♦♠♠✉♥✐✲
❝❛t✐♦♥ ❝♦st ♦❢ NrNϕ min(#C,Nϕ)✳ ❚❤❡ ✜♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ ❧✐♥❡s ✹✷✲✹✹ s❡♥❞s
Nµ t✐♠❡s ❡❛❝❤ ✷❉ s❧✐❝❡ ♦❢ Φ ❧♦❝❛❧❧② ❝♦♠♣✉t❡❞✳ ■t ❤❛s ❛ ❝♦st s✐♠✐❧❛r t♦ t❤❡ ✜rst
♦♥❡ ✇✐t❤ NrNθ NϕNµ ✢♦❛ts t♦ s❡♥❞✱ ❜✉t ✇✐t❤♦✉t t❤❡ ♥❡❡❞ ♦❢ ❞❛t❛ tr❛♥s♣♦s✐t✐♦♥
✭s♦ ❧❡ss ♠❡♠♦r② ❝♦♣✐❡s✮✳

❚❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ❞❡r✐✈❛t✐✈❡s ✐♠♣❧② ❛❧s♦ ❝♦♠♠✉♥✐❝❛t✐♦♥s✳ ■♥ ❆❧❣♦ ✷✱ ❛
❝♦♠♠✉♥✐❝❛t✐♦♥ st❡♣ tr❛♥s♣♦s❡ t❤r❡❡ ✸❉ ❞❛t❛ ✐♥s✐❞❡ ❡❛❝❤ µ ❝♦♠♠✉♥✐❝❛t♦r✳ ❚❤❡
♦✈❡r❛❧❧ ❝♦st ✐s 3 Nr Nθ Nϕ Nµ ✢♦❛ts✱ ❜✉t ♦♥❧② ❧♦❝❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✐♥s✐❞❡ µ
❝♦♠♠✉♥✐❝❛t♦rs ❛r❡ ✐♥✐t✐❛t❡❞✳

✹ P❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s

✹✳✶ P❛r❛❧❧❡❧ ❝♦♠♣✉t✐♥❣ s❝❛❧❛❜✐❧✐t②

❚✐♠✐♥❣ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞ ♦♥ ❈❘❆❨✲❳❚✺ ❏❛❣✉❛r ♠❛❝❤✐♥❡ ✸

✭❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣②✬s ❖❛❦ ❘✐❞❣❡✮✳ ❚❤✐s ♠❛❝❤✐♥❡ ❤❛s ✶✽ ✻✽✽ ❳❚✺ ♥♦❞❡s
❤♦st✐♥❣ ❞✉❛❧ ❤❡①✲❝♦r❡ ❆▼❉ ❖♣t❡r♦♥ ✷✹✸✺ ♣r♦❝❡ss♦rs ❛♥❞ ✶✻ ●❇ ♦❢ ♠❡♠♦r②✳

✸▼❛♥② t❤❛♥❦s t♦ ❈✳❙✳ ❈❤❛♥❣ ❢♦r ❣✐✈✐♥❣ ✉s ❛❝❝❡s t♦ ❏❛❣✉❛r✱ ♣r♦❥❡❝t r❡❢❡r❡♥❝❡ ❋❯❙✵✷✷✳

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✶✶

❚❤❡ ❚❛❜❧❡ ✶ r❡♣♦rts t✐♠✐♥❣ ♦❢ t❤❡ ◗◆ s♦❧✈❡r ❡①tr❛❝t❡❞ ❢r♦♠ ●❨❙❊▲❆ r✉♥s✳
❚❤❡ s♠❛❧❧❡st t❡st ❝❛s❡ ✇❛s r✉♥ ❢r♦♠ ✷✺✻ ❝♦r❡s t♦ ✹✵✾✻ ❝♦r❡s✳ ❚❤❡ ♣❛r❛♠❡t❡rs
t❤❛t ❤❛s ❜❡❡♥ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ✭s♠❛❧❧ ❝❛s❡✮✿

Nr = 128, Nθ = 256, Nϕ = 128, Nv‖ = 64, Nµ = 32 .

■♥ ❚❛❜❧❡ ✷✱ t✐♠✐♥❣s ❢♦r ❛ ❜✐❣❣❡r t❡st ❝❛s❡ ❛r❡ ♣r❡s❡♥t❡❞✳ ■ts s✐③❡ ✐s

Nr = 512, Nθ = 512, Nϕ = 128, Nv‖ = 128, Nµ = 32 .

❋♦r t❤✐s s❡❝♦♥❞ ❝❛s❡✱ t❤❡ ♣❛r❛❧❧❡❧ t❡st❜❡❞ ✇❡r❡ ❝♦♠♣♦s❡❞ ♦❢ ✹❦ ❝♦r❡s t♦
✻✹❦ ❝♦r❡s✳ ■♥ t❛❜❧❡s✱ t❤❡ ✐♦✶✱ ✐♦✷✱ ✐♦✸✱ ✐♦✹ st❡♣s st❛t❡s ❢♦r ❝♦♠♠✉♥✐❝❛t✐♦♥s
❛ss♦❝✐❛t❡❞ ✇✐t❤ t❛s❦ ✶✱ t❛s❦ ✷✱ t❛s❦ ✸✱ t❛s❦ ✹ r❡s♣❡❝t✐✈❡❧②✳ ❈♦♠♣✉t❛t✐♦♥ ❝♦sts✱
❝♦♠♣✶✱ ❝♦♠♣✷✱ ❝♦♠♣✸✱ ❝♦♠♣✹ st❛♥❞s ❢♦r ❝♦♠♣✉t❛t✐♦♥s r❡❧❛t✐✈❡ t♦ t❛s❦ ✶✱ t❛s❦ ✷✱
t❛s❦ ✸✱ t❛s❦ ✹ r❡s♣❡❝t✐✈❡❧②✳

◆♦t❡ t❤❛t t❤❡ ❱❧❛s♦✈ s♦❧✈❡r ♦❢ t❤❡ ●❨❙❊▲❆ ❝♦❞❡ ✉s❡s ❛ ♣❛r❛❧❧❡❧✐③❛t✐♦♥
❜❛s❡❞ ♦♥ ❛ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ❛❧♦♥❣ ❞✐♠❡♥s✐♦♥s µ, r ❛♥❞ θ✳ ❚❤❡ ♥✉♠❜❡r
♦❢ ♣r♦❝❡ss❡s #P ✐s ❣✐✈❡♥ ❜② t❤❡ ♣r♦❞✉❝t ♦❢ Nµ t❤❡ ♥✉♠❜❡r ♦❢ µ ✈❛❧✉❡s ✇✐t❤
pr × pθ t❤❡ ♥✉♠❜❡r ♦❢ ❜❧♦❝❦s ❛❧♦♥❣ r ❛♥❞ θ ❞✐♠❡♥s✐♦♥s ✭#P = Nµ × pr × pθ✮✳
❚❤❡ ♥✉♠❜❡r ♦❢ µ ✈❛❧✉❡s ✐♥ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝❛s❡s ✐s Nµ = 32✱ t❤❡♥ ●❨❙❊▲❆
r❡q✉✐r❡s ❛ ♠✐♥✐♠✉♠ ♦❢ ✸✷ ♥♦❞❡s t♦ r✉♥✳

●❡♥❡r❛❧ ♦❜s❡r✈❛t✐♦♥s ❚❤❡ ❖♣❡♥▼P ♣❛r❛❞✐❣♠ ✐s ✉s❡❞ ✐♥ ❛❞❞✐t✐♦♥ t♦ ▼P■
♣❛r❛❧❧❡❧✐③❛t✐♦♥ ✭★❚ t❤r❡❛❞s✮✳ ❆❧❧ ❝♦♠♣✉t❛t✐♦♥s ❝♦sts ❛r❡ ❧♦✇❡r❡❞ t❤❛♥❦s t♦ t❤✐s
✜♥❡ ❣r❛✐♥ ♣❛r❛❧❧❡❧✐③❛t✐♦♥✳ ❚❤❡ ♠❛✐♥ ✐❞❡❛ ❢♦r t❤✐s ❖♣❡♥▼P ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❤❛s
❜❡❡♥ t♦ t❛r❣❡t ϕ ❧♦♦♣s✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐s ❡✣❝✐❡♥t ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥ t❛s❦ ✶ ♦❢
◗◆ s♦❧✈❡r ✭✐♥t❡❣r❛❧s ✐♥ v‖✮✳ ❇✉t ✐♥ t❤❡ t❛s❦s ✸✱✹✱ t❤✐s str❛t❡❣② ❝♦♠♣❡t❡s ✇✐t❤
t❤❡ ▼P■ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ t❤❛t ✉s❡s ❛❧s♦ ✈❛r✐❛❜❧❡ ϕ ❢♦r t❤❡ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥✳
❚❤✉s✱ ❛❜♦✈❡ Nϕ ❝♦r❡s✱ ♥♦ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❣❛✐♥ ✐s ❡①♣❡❝t❡❞✳ ❚❤✐s ❢❛❝t ✐s ♥♦t t❤❡
❤❛r❞❡st ❝♦♥str❛✐♥t ✉♣ t♦ ♥♦✇✿ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ❛r❡ t❤❡ ❝r✐t✐❝❛❧ ♦✈❡r❤❡❛❞✱
♠✉❝❤ ♠♦r❡ t❤❛♥ ❝♦♠♣✉t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥ ✭❛s ②♦✉ s❡❡ ✐♥ ❚❛❜❧❡ ✷✮✳ ❆ r❡❝❡♥t
✐♠♣r♦✈❡♠❡♥t ❤❛s ❜❡❡♥ t♦ ❛❞❞ ❛ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ❛❧♦♥❣ µ ❞✐r❡❝t✐♦♥ ✐♥ t❛s❦ ✷✳
❊✈❡♥ ✐❢ t❤✐s ❝❤❛♥❣❡ ❛❞❞s ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ st❡♣ t❤❛t ❝❛♥ ❜❡ ❛✈♦✐❞❡❞ ✭✐♦✷✮✱ ✐t ✐s
✇♦rt❤✇❤✐❧❡ ♦♥ ❧❛r❣❡ ♣❧❛t❢♦r♠s✳ ❲❡ ❜❡♥❡✜t ❢r♦♠ t❤✐s ❡①tr❛ ❧❡✈❡❧ ♦❢ ♣❛r❛❧❧❡❧✐s♠✱
❛s s♦♦♥ ❛s ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦❢ t❛s❦ ✷ ✭✐♦✷✮ r❡♠❛✐♥s ❧♦✇✳ ◆♦t❛❜❧②✱ ✇❡ s❡❡ t❤❛t
❝♦♠♣✷ s❝❛❧❡s ❜❡②♦♥❞ Nϕ = 128 ❝♦r❡s ✐♥ ❚❛❜❧❡ ✷✳

❈♦♠♠❡♥ts ❢♦r t❤❡ s♠❛❧❧ ❝❛s❡ ■♥ ❚❛❜❧❡ ✶✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ❢♦r ❡①✲
❝❤❛♥❣✐♥❣ ρ̃1 ✈❛❧✉❡s ✭✐♦✶ ✲ t❛s❦ ✶✮ ✐s r❡❞✉❝❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡ ✐♥✈♦❧✈❡❞ ♥✉♠❜❡r ♦❢
♥♦❞❡s✳ ❚❤✐s ✐s ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ ♦✈❡r❛❧❧ ❛✈❛✐❧❛❜❧❡ ♥❡t✇♦r❦ ❜❛♥❞✲
✇✐❞t❤ ✐♥❝r❡❛s❡s ✇✐t❤ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ♥♦❞❡s✱ ✇❤✐❧❡ t❤❡ t♦t❛❧ ❛♠♦✉♥t ♦❢ ❞❛t❛
❡①❝❤❛♥❣❡❞ r❡♠❛✐♥s t❤❡ s❛♠❡✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ❛ss♦❝✐❛t❡❞ ✇✐t❤ ✐♦✸ ✐s
♠❛✐♥❧② ❝♦♠♣♦s❡❞ ♦❢ s②♥❝❤r♦♥✐③❛t✐♦♥ ♦❢ ♥♦❞❡s ❛♥❞ ❜r♦❛❞❝❛st✐♥❣ t❤❡ ✷❉ ❞❛t❛ s❧✐❝❡
〈ρ̃〉θ (r = ∗, ϕ = ∗)✳ ❚❤❡ ✐♦✹ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐♥✈♦❧✈❡s ❛ s❡❧❡❝t✐✈❡ s❡♥❞ ♦❢ ♣❛rts
♦❢ t❤❡ ❡❧❡❝tr✐❝ ♣♦t❡♥t✐❛❧ Φ t♦ ❡❛❝❤ ♥♦❞❡❀ ❛♥❞ ♦♥❡ ❝❛♥ ♥♦t❡ t❤❡ s❛♠❡ ❞❡❝r❡❛s✐♥❣
❜❡❤❛✈✐♦✉r ❞❡♣❡♥❞✐♥❣ ♦♥ ♥✉♠❜❡r ♦❢ ❝♦r❡s ❛❧s♦ ♦❜s❡r✈❡❞ ✐♥ ✐♦✶ ✳

❚❤❡ ❝♦♠♣✶ ❝❛❧❝✉❧❛t✐♦♥ ✐s ♦♥❡ ♦❢ t❤❡ ❜✐❣❣❡st ❈P❯ ❝♦♥s✉♠❡r ♦❢ t❤❡ ◗◆ s♦❧✈❡r❀
✐t s❝❛❧❡s ✇❡❧❧ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦r❡s✱ ❝♦♠❜✐♥✐♥❣ ▼P■ ❛♥❞ ❖♣❡♥▼P ♣❛r❛❧✲
❧❡❧✐③❛t✐♦♥s✳ ❚❤❡ ❝♦♠♣✸ ✐s ♥❡❣❧✐❣✐❜❧❡ t✐♠❡ ❛♥❞ ❝♦♠♣✹ ✐s ❛ s♠❛❧❧ ❝♦♠♣✉t❛t✐♦♥
st❡♣✱ t✐♠❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♥❡❛r❧② ❝♦♥st❛♥t ❢♦r ❛❧❧ ♥✉♠❜❡r ♦❢ ❝♦r❡s s❤♦✇♥✳ ■♥

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✶✷

◆❜✳ ❝♦r❡s ✷✺✻ ✶❦ ✹❦

◆❜✳ ♥♦❞❡s ✸✷ ✶✷✽ ✺✶✷

◗◆ s♦❧✈❡r

❝♦♠♣✶ ✷✸✵✵ ♠s ✺✽✵ ♠s ✶✵✵ ♠s

✐♦✶ ✸✵✵ ♠s ✶✻✵ ♠s ✾✵ ♠s

❝♦♠♣✷ ✶✼✵ ♠s ✹✸ ♠s ✶✸ ♠s

✐♦✷ ✵ ♠s ✵ ♠s ✽ ♠s

❝♦♠♣✸ ✵ ♠s ✵ ♠s ✷ ♠s

✐♦✸ ✶✼ ♠s ✹✷ ♠s ✹✸ ♠s

❝♦♠♣✹ ✹ ♠s ✸ ♠s ✹ ♠s

✐♦✹ ✶✵✵ ♠s ✹✵ ♠s ✸✺ ♠s

❚♦t❛❧ t✐♠❡ ✷✾✵✵ ♠s ✽✼✵ ♠s ✸✵✵ ♠s

❘❡❧❛t✐✈❡ ❡✛✳ ✶✵✵✪ ✽✸✪ ✻✵✪

❚❛❜❧❡ ✶✿ ❚✐♠❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r ♦♥❡ ❝❛❧❧ t♦

t❤❡ ◗◆ s♦❧✈❡r ✲ ❙♠❛❧❧ ❝❛s❡

◆❜✳ ❝♦r❡s ✹❦ ✶✻❦ ✻✹❦

◆❜✳ ♥♦❞❡s ✺✶✷ ✷❦ ✽❦

◗◆ s♦❧✈❡r

❝♦♠♣✶ ✷✷✵✵ ♠s ✺✼✵ ♠s ✾✺ ♠s

✐♦✶ ✹✺✵ ♠s ✸✵✵ ♠s ✹✼✵ ♠s

❝♦♠♣✷ ✸✷✵ ♠s ✶✽✵ ♠s ✶✽✵ ♠s

✐♦✷ ✸✵ ♠s ✻✵ ♠s ✼✵ ♠s

❝♦♠♣✸ ✸ ♠s ✷ ♠s ✸ ♠s

✐♦✸ ✶✺✵ ♠s ✶✹✵ ♠s ✶✸✵ ♠s

❝♦♠♣✹ ✸✵ ♠s ✸✵ ♠s ✸✵ ♠s

✐♦✹ ✶✽✵ ♠s ✶✵✵ ♠s ✻✺ ♠s

❚♦t❛❧ t✐♠❡ ✸✹✵✵ ♠s ✶✹✵✵ ♠s ✶✵✵✵ ♠s

❘❡❧❛t✐✈❡ ❡✛✳ ✶✵✵✪ ✻✶✪ ✷✶✪

❚❛❜❧❡ ✷✿ ❚✐♠❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r ♦♥❡ ❝❛❧❧ t♦

t❤❡ ◗◆ s♦❧✈❡r ✲ ❇✐❣ ❝❛s❡

❢❛❝t Nϕ ❝♦r❡s ✐s t❤❡ ✉♣♣❡r ❜♦✉♥❞ ♦❢ t❤❡ ♣❛r❛❧❧❡❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ❢♦r t❤❡s❡ st❡♣s✳
❚❤❡♥✱ ❜❡t✇❡❡♥ ✶ ❛♥❞ Nϕ ❝♦r❡s t❤❡ s♣❡❡❞✉♣ ✐♥❝r❡❛s❡s✱ ✇❤❡r❡❛s t❤❡ s♣❡❡❞✉♣ ❛♥❞
❝♦♠♣✉t❛t✐♦♥ t✐♠❡ ❛r❡ ❝♦♥st❛♥t ❛❜♦✈❡ t❤✐s ❧✐♠✐t ✭Nϕ❂✶✷✽ ❝♦r❡s ❢♦r t❤❡ ❝❛s❡s
s❤♦✇♥ ❤❡r❡✮✳ ❚❤❡ r❡❧❛t✐✈❡ ❡✣❝✐❡♥❝② ❢♦r t❤❡ ♦✈❡r❛❧❧ ◗◆ s♦❧✈❡r ✐s ✻✵✪ ❛t ✹❦ ❝♦r❡s
✇❤✐❝❤ ✐s ❛ ❣♦♦❞ r❡s✉❧t ❢♦r t❤✐s ❝♦♠♣✉t❛t✐♦♥❛❧ ♣r♦❜❧❡♠ t❤❛t s②♥❝❤r♦♥✐③❡s ❛♥❞
r❡❞✐str✐❜✉t❡ ✐♥❢♦r♠❛t✐♦♥ ❜❡t✇❡❡♥ ❛❧❧ ♣r♦❝❡ss❡s①✳

❈♦♠♠❡♥ts ❢♦r t❤❡ ❜✐❣ ❝❛s❡ ❚❤❡ r❡❧❛t✐✈❡ s♣❡❡❞✉♣s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷ ❝♦♥✲
s✐❞❡rs ❛s ❛ r❡❢❡r❡♥❝❡ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡s ♦♥ ✹❦ ❝♦r❡s✱ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛❝❝❡ss t♦
❡♥♦✉❣❤ ♠❡♠♦r②✳ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ❛r❡ ❧❛r❣❡r t❤❛♥ ✐♥ t❤❡ s♠❛❧❧ t❡st ❝❛s❡✳
❇❛❞❧② ❝♦♠♣✷ ❛♥❞ ❝♦♠♣✹ ❞♦ ♥♦t s❝❛❧❡ ✇❡❧❧✳ ❖♥❧② ❝♦♠♣✶ ❛♥❞ ✐♦✹ ♣❛rts ❜❡❤❛✈❡
❛s ✇❡ ✇✐s❤✳ ■♥ ❢✉t✉r❡ ✇♦r❦s✱ ✇❡ ❡①♣❡❝t ✐♠♣r♦✈✐♥❣ t❤❡ s❝❛❧❛❜✐❧✐t② ♦❢ t❤✐s ❛❧❣♦✲
r✐t❤♠ ✐♥ ❧♦✇❡r✐♥❣ ♣❛r❛❧❧❡❧ ♦✈❡r❤❡❛❞s✳ ❚❤❡ r❡❞✉❝t✐♦♥ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts ✐s
♦♥❡ ❝❛♥❞✐❞❛t❡ ✭✇❡ ❢♦r❡s❡❡ t♦ ✉s❡ ❛ ❝♦♠♣r❡ss✐♦♥ ♠❡t❤♦❞✮✳ ❆♥ ❛❧t❡r♥❛t✐✈❡ ❝❛♥
❜❡ t♦ ✜♥❞ ❛ ✇❛② t♦ ❜❡tt❡r ❞✐str✐❜✉t❡ ❝♦♠♣✉t❛t✐♦♥s ✐♥ t❤❡ ❝♦♠♣✷✱ ❝♦♠♣✸✱ ❝♦♠♣✹
♣❛rts✳ ❊✈❡♥ ✐❢ ✐♠♣r♦✈❡♠❡♥ts ❝❛♥ ❜❡ ❢♦✉♥❞✱ ❛ ❣♦♦❞ ♣r♦♣❡rt② ♦❢ t❤✐s s♦❧✈❡r ✐s t❤❛t
❡①❡❝✉t✐♦♥ t✐♠❡ ❣❧♦❜❛❧❧② ❞❡❝r❡❛s❡s ❛❧♦♥❣ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦r❡s✱ ❛♥❞ ❞♦❡s ♥♦t
❡①♣❧♦❞❡ ❛t ❛❧❧ ✭❢♦r ❡①❛♠♣❧❡ ❞✉❡ t♦ ❣r♦✇✐♥❣ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦sts✮✳ ❲❡ s❡❡ ✐♥
❋✐❣✳ ✻ t❤❛t t❤✐s ❝❤❡❛♣ ❝♦st ♦❢ t❤❡ ◗◆ s♦❧✈❡r ❜r✐♥❣s t♦ ●❨❙❊▲❆ ❝♦❞❡ ❛ ❣♦♦❞
♦✈❡r❛❧❧ s❝❛❧❛❜✐❧✐t②✳ ●❨❙❊▲❆ r❡❛❝❤❡s ✼✽✪ ♦❢ r❡❧❛t✐✈❡ ❡✣❝✐❡♥❝② ❛t ✻✹❦ ❝♦r❡s✳ ■♥
❋✐❣✳ ✸ ❛♥❞ ✹✱ t✐♠✐♥❣s ❢♦r s❤♦rt r✉♥s ♦❢ ●❨❙❊▲❆ ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ✜❡❧❞ s♦❧✈❡r
❛♥❞ ❝♦♠♣✉t❛t✐♦♥ ❛♥❞ ❞❡r✐✈❛t✐✈❡s ♦❢ t❤❡ ❣②r♦❛✈❡r❛❣❡❞ Φ ❛r❡ ✈❡r② ❧♦✇ ❝♦♠♣❛r❡❞
t♦ ❱❧❛s♦✈ s♦❧✈❡r ❛♥❞ ❞✐❛❣♥♦st✐❝s ❝♦sts✳ ❚❤❡♥✱ t❤❡✐r ❧✐♠✐t❡❞ s❝❛❧❛❜✐❧✐t② ❛t ✈❡r②
❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❝♦r❡s✱ ❞♦❡s ♥♦t ✐♠♣❛❝t s✐❣♥✐✜❝❛♥t❧② t❤❡ s❝❛❧❛❜✐❧✐t② ♦❢ t❤❡ ♦✈❡r❛❧❧
●❨❙❊▲❆ ❝♦❞❡✳

❆❧s♦✱ ▲❡t ✉s r❡♠❛r❦ t❤❡ ❡①❝❡❧❧❡♥t s❝❛❧❛❜✐❧✐t② ♦❢ ●❨❙❊▲❆ ❢♦r t❤❡ s♠❛❧❧ ❝❛s❡
✭❋✐❣✳ ✺✮ ✇✐t❤ ❛ ✾✼✪ ♦❢ ♦✈❡r❛❧❧ r❡❧❛t✐✈❡ ❡✣❝✐❡♥❝② ❛t ✹❦ ❝♦r❡s✳

✹✳✷ ▼❡♠♦r② s❝❛❧❛❜✐❧✐t②

❚❤❡ ❛❧❣♦r✐t❤♠ ✶ ♣r♦♣♦s❡❞ ❢♦r t❤❡ P♦✐ss♦♥ s♦❧✈❡r ❛✈♦✐❞s t❤❡ ❝❛✈❡❛t ♦❢ t❤❡ ✜♥❛❧ Φ
❜r♦❛❞❝❛st t♦ ❛❧❧ ▼P■ ♣r♦❝❡ss❡s✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❞❡r✐✈❛t✐✈❡s ✐♥ s♣❛t✐❛❧
❞✐r❡❝t✐♦♥s ♦❢ t❤❡ ❣②r♦❛✈❡r❛❣❡❞ ♣♦t❡♥t✐❛❧ ❤❛s ❛❧s♦ ❜❡❡♥ ♣❛r❛❧❧❡❧✐③❡❞✱ ❝♦♠♣❛r❡❞
t♦ t❤❡ ♣r❡✈✐♦✉s ✈❡rs✐♦♥ ♦❢ ●❨❙❊▲❆✳ ■t ❢♦❧❧♦✇s t❤❛t ✇❡ ❛✈♦✐❞ t❤❡ st♦r❛❣❡ ♦❢

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✶✸

256 512 1024 2048 4096
Nb. of cores

0.1

1

10

100

1e+03

1e+04

1e+05
Vlasov solver
Field solver
Derivatives computation
Diagnostics
Total for one run

Execution time for one Gysela run (Strong Scaling)

❋✐❣✉r❡ ✸✿ ❙♠❛❧❧ ❝❛s❡ ✲ ●❨❙❊▲❆ t✐♠✐♥❣s

4096 8192 16384 32768 65536
Nb. of cores

0.1

1

10

100

1e+03

1e+04

1e+05
Vlasov solver
Field solver
Derivatives computation
Diagnostics
Total for one run

Execution time for one Gysela run (Strong Scaling)

❋✐❣✉r❡ ✹✿ ❇✐❣ ❝❛s❡ ✲ ●❨❙❊▲❆ t✐♠✐♥❣s

256 512 1024 2048 4096
Nb. of cores

0

20

40

60

80

100

120

Vlasov solver
Field solver
Derivatives computation
Diagnostics
Total for one run

Relative efficiency for one Gysela run (Strong Scaling)

❋✐❣✉r❡ ✺✿ ❙♠❛❧❧ ❝❛s❡✱ ●❨❙❊▲❆ ❡✣❝✐❡♥❝②

4096 8192 16384 32768 65536
Nb. of cores

0
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Vlasov solver
Field solver
Derivatives computation
Diagnostics
Total for one run

Relative efficiency for one Gysela run (Strong Scaling)

❋✐❣✉r❡ ✻✿ ❇✐❣ ❝❛s❡✱ ●❨❙❊▲❆ ❡✣❝✐❡♥❝②

❝♦♠♣❧❡t❡ ✸❉ ❞❛t❛ str✉❝t✉r❡s ✐♥ ♠❡♠♦r② ♦♥ ❡❛❝❤ ♥♦❞❡✳ ❲❡ ❡♥❞ ✉♣ ✇✐t❤ ❛ ♣❛✐r
♦❢ ❛❧❣♦r✐t❤♠s ❢♦r P♦✐ss♦♥ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❞❡r✐✈❛t✐✈❡s t❤❛t ♦♥❧② r❡q✉✐r❡s
❞✐str✐❜✉t❡❞ ✜❡❧❞ ✸❉ ❞❛t❛ str✉❝t✉r❡s✳ ❊❛❝❤ ♥♦❞❡ ♦✇♥s ♦♥❧② ♦♥❡ ▼P■ ♣r♦❝❡ss t❤❛t
❤✐♠s❡❧❢ ❤♦sts ❖♣❡♥▼P t❤r❡❛❞s✳ ❆❧❧ t❤r❡❛❞s ✐♥s✐❞❡ ♦❢ ❛ s✐♥❣❧❡ ▼P■ ♣r♦❝❡ss s❤❛r❡
t❤❡s❡ ✸❉ ✜❡❧❞ ❞❛t❛✳

❚❤❡ ❚❛❜❧❡ ✸ s❤♦✇s t❤❡ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❣r♦✇✐♥❣ ♥✉♠❜❡r ♦❢ ❝♦r❡s
❢♦r ❛ ❣✐✈❡♥ ♣r♦❜❧❡♠ s✐③❡ ✭str♦♥❣ s❝❛❧✐♥❣✮✳ ❚❤❡ ♣❛r❛♠❡t❡r Nµ r❡♠❛✐♥s ❝♦♥st❛♥t
✇❤✐❧❡ ❜♦t❤ pr ❛♥❞ pθ ❛r❡ ✐♥❝r❡❛s❡❞✳

❚❤❡ ♠❛✐♥ r❡s✉❧t ❝♦♥❝❡r♥s t❤❡ ♦✈❡r❛❧❧ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ t❤❛t ❤❛s ❞✐♠✐♥✲
✐s❤❡❞ ❜❡t✇❡❡♥ t❤❡ ♣r❡✈✐♦✉s ❛♥❞ t❤❡ ♣r❡s❡♥t ✈❡rs✐♦♥✳ ❇✉t✱ t❤❡ ♠❡♠♦r② s❝❛❧❛❜✐❧✐t②
✐s ❛❧s♦ ❣r❡❛t❧② ✐♠♣r♦✈❡❞✿ ❡❛❝❤ t✐♠❡ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦r❡s ✐s ❞♦✉❜❧✐♥❣✱ t❤❡ ♠❡♠♦r②
♦❝❝✉♣❛♥❝② ❞❡❝r❡❛s❡s ❜❡tt❡r t❤❛♥ ♣r❡✈✐♦✉s❧②✳ ❆t ✻✹❦ ❝♦r❡s✱ t❤❡r❡ ✐s ♠♦r❡ t❤❛♥
❛ ❢❛❝t♦r ✷ ♦❢ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ t✇♦ ●❨❙❊▲❆
✈❡rs✐♦♥s✳

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ s♣❧✐tt✐♥❣ ♦❢ ✸❉ ❞❛t❛ str✉❝t✉r❡ ♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞✱ ♦t❤❡r
♠♦❞✐✜❝❛t✐♦♥s ❤❛✈❡ ♦❝❝✉r❡❞ ✐♥ t❤❡ ♥❡✇ ✈❡rs✐♦♥✳ ❆ s❡t ♦❢ ✸❉ ❛♥❞ ✷❉ ❞❛t❛ ❜✉✛❡rs
❤❛✈❡ ❜❡❡♥ r❡♠♦✈❡❞ ❛♥❞ r❡♣❧❛❝❡❞ ❜② ❛ ✉♥✐q✉❡ ❧❛r❣❡ ✶❉ ❛rr❛②✳ ■t ❡①♣❧❛✐♥s ✇❤②
t❤❡ ♥❡✇ ✈❡rs✐♦♥ ❡①❤✐❜✐ts ❛ ❧❛r❣❡r ❛♠♦✉♥t ♦❢ ♠❡♠♦r② ♦❢ ✶❉ ❞❛t❛ ✇❤✐❧❡ ✸❉ ❛♥❞
✷❉ ❞❛t❛ ❛r❡ ❞r❛st✐❝❛❧❧② r❡❞✉❝❡❞ ❝♦♠♣❛r❡❞ t♦ ♣r❡✈✐♦✉s ✈❡rs✐♦♥✳ ❆♥♦t❤❡r ❜❡♥❡✜t✿
❧✐♠✐t❛t✐♦♥ ❝♦♥❝❡r♥✐♥❣ t❤❡ ♠✐♥✐♠❛❧ ♥✉♠❜❡r ♦❢ ❝♦r❡s r❡q✉✐r❡❞ t♦ r✉♥ ❛ ❣✐✈❡♥ t❡st
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◆❜✳ ♥♦❞❡s ✺✶✷ ✶❦ ✷❦ ✹❦ ✽❦

Pr❡✈✐♦✉s ✈❡rs✐♦♥

✹❉ ❞❛t❛ str✉❝t✳ ✻✳✽✷ ✸✳✹✺ ✶✳✽✵ ✵✳✾✸ ✵✳✹✾

✸❉ ❞❛t❛ str✉❝t✳ ✷✳✼✾ ✷✳✼✺ ✷✳✼✸ ✷✳✼✷ ✷✳✼✷

✷❉ ❞❛t❛ str✉❝t✳ ✶✳✽✸ ✶✳✽✷ ✶✳✽✶ ✶✳✽✶ ✶✳✽✶

✶❉ ❞❛t❛ str✉❝t✳ ✵✳✵✾ ✵✳✵✹ ✵✳✵✷ ✵✳✵✶ ✵✳✵✶

❆❧❧ ❞❛t❛ str✉❝t✳ ✶✶✳✺✺ ✽✳✵✼ ✻✳✸✽ ✺✳✹✽ ✺✳✵✷

Pr❡s❡♥t ✈❡rs✐♦♥

✹❉ ❞❛t❛ str✉❝t✳ ✻✳✽✷ ✸✳✹✺ ✶✳✽✵ ✵✳✾✷ ✵✳✹✾

✸❉ ❞❛t❛ str✉❝t✳ ✶✳✵✼ ✵✳✽✷ ✵✳✺✽ ✵✳✸✾ ✵✳✷✹

✷❉ ❞❛t❛ str✉❝t✳ ✶✳✵✺ ✶✳✵✹ ✶✳✵✸ ✶✳✵✸ ✶✳✵✸

✶❉ ❞❛t❛ str✉❝t✳ ✵✳✺✺ ✵✳✺✷ ✵✳✺✶ ✵✳✺✶ ✵✳✺✶

❆❧❧ ❞❛t❛ str✉❝t✳ ✾✳✺✵ ✺✳✽✸ ✸✳✾✸ ✷✳✽✻ ✷✳✷✼

❚❛❜❧❡ ✸✿ ▼❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ✭✐♥ ●❇✮ ♦♥ ❡❛❝❤ ♥♦❞❡ ❜② ●❨❙❊▲❆✱ ❜✐❣ ❝❛s❡

❝❛s❡✳ ❋✉rt❤❡r ✇♦r❦ ❝❛♥ ❜❡ ❞♦♥❡ t♦ ❝✉t ❞♦✇♥ ♦♥ r❡♠❛✐♥✐♥❣ ✷❉ ❛♥❞ ✶❉ ❞❛t❛
st♦r❛❣❡✳ ❇✉t ✐t ✇✐❧❧ ✐♠♣❧② t♦ ❝❤❛♥❣❡ ❡①✐st✐♥❣ ❛❧❣♦r✐t❤♠s t♦ ♥❡✇ ♦♥❡s t❤❛t s❛✈❡s
♠❡♠♦r②✳

✺ ❈♦♥❝❧✉s✐♦♥

❲❡ ❞❡s❝r✐❜❡ t❤❡ ♣❛r❛❧❧❡❧✐③❛t✐♦♥ ♦❢ ❛ q✉❛s✐♥❡✉tr❛❧ P♦✐ss♦♥ s♦❧✈❡r ✉s❡❞ ✐♥t♦ ❛ ❢✉❧❧✲f
❣②r♦❦✐♥❡t✐❝ ✺❉ s✐♠✉❧❛t♦r ✹✳ ❚❤❡ ♣❛r❛❧❧❡❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♥✉♠❡r✐❝❛❧ s♦❧✈✐♥❣
♠❡t❤♦❞ ✐s ❞❡♠♦♥str❛t❡❞✳ ■t ❛❝❤✐❡✈❡s ❛ ❣♦♦❞ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t❛t✐♦♥ s❝❛❧❛❜✐❧✐t② ✉♣
t♦ ✻✹❦ ❝♦r❡s ❝♦♠❜✐♥✐♥❣ s❡✈❡r❛❧ ❧❡✈❡❧s ♦❢ ♣❛r❛❧❧❡❧✐s♠ ❛♥❞ ❛♥ ❤②❜r✐❞ ❖♣❡♥▼P✴▼P■
❛♣♣r♦❛❝❤✳ ❚❤❡ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ q✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❛♥❞ t❤❡ ❱❧❛s♦✈ ❝♦❞❡ ❤❛s ❜❡❡♥
✐♠♣r♦✈❡❞ ❛ ❧♦t ❝♦♠♣❛r❡❞ t♦ ♣r❡✈✐♦✉s r❡s✉❧ts ❬✶✱ ✹✱ ✺✱ ✻❪✳ ❚❤❡ ♠♦❞✐✜❝❛t✐♦♥s r❡s✉❧t
❛❧s♦ ✐♥ s❛✈✐♥❣s ✐♥ t❤❡ ♠❡♠♦r② ♦❝❝✉♣❛♥❝②✱ ✇❤✐❝❤ ✐s ❛ ❜✐❣ ✐ss✉❡ ✇❤❡♥ ♣❤②s✐❝✐sts
✇✐s❤ t♦ r✉♥ ✈❡r② ❧❛r❣❡ ❝❛s❡✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❱✳ ●r❛♥❞❣✐r❛r❞✱ ▼✳ ❇r✉♥❡tt✐✱ P✳ ❇❡rtr❛♥❞✱ ◆✳ ❇❡ss❡✱ ❳✳ ●❛r❜❡t✱ P✳ ●❤❡♥✲
❞r✐❤✱ ●✳ ▼❛♥❢r❡❞✐✱ ❨✳ ❙❛r❛③✐♥✱ ❖✳ ❙❛✉t❡r✱ ❊✳ ❙♦♥♥❡♥❞r✉❝❦❡r✱ ❏✳ ❱❛❝❧❛✈✐❦✱
❛♥❞ ▲✳ ❱✐❧❧❛r❞✳ ❆ ❞r✐❢t✲❦✐♥❡t✐❝ s❡♠✐✲❧❛❣r❛♥❣✐❛♥ ✹❞ ❝♦❞❡ ❢♦r ✐♦♥ t✉r❜✉❧❡♥❝❡
s✐♠✉❧❛t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ ❈♦♠♣✉t❛t✐♦♥❛❧ P❤②s✐❝s✱ ✷✶✼✭✷✮✿✸✾✺ ✕ ✹✷✸✱ ✷✵✵✻✳

❬✷❪ ❱✳ ●r❛♥❞❣✐r❛r❞✱ ❨✳ ❙❛r❛③✐♥✱ ❳✳ ●❛r❜❡t✱ ●✳ ❉✐❢✲Pr❛❞❛❧✐❡r✱ P❤✳ ●❤❡♥❞r✐❤✱
◆✳ ❈r♦✉s❡✐❧❧❡s✱ ●✳ ▲❛t✉✱ ❊✳ ❙♦♥♥❡♥❞r✉❝❦❡r✱ ◆✳ ❇❡ss❡✱ ❛♥❞ P✳ ❇❡rtr❛♥❞✳ ❈♦♠✲
♣✉t✐♥❣ ■❚● t✉r❜✉❧❡♥❝❡ ✇✐t❤ ❛ ❢✉❧❧✲❢ s❡♠✐✲▲❛❣r❛♥❣✐❛♥ ❝♦❞❡✳ ❈♦♠♠✉♥✐❝❛t✐♦♥s
✐♥ ◆♦♥❧✐♥❡❛r ❙❝✐❡♥❝❡ ❛♥❞ ◆✉♠❡r✐❝❛❧ ❙✐♠✉❧❛t✐♦♥✱ ✶✸✭✶✮✿✽✶ ✕ ✽✼✱ ✷✵✵✽✳ ❱❧❛s♦✲
✈✐❛ ✷✵✵✻✿ ❚❤❡ ❙❡❝♦♥❞ ■♥t❡r♥❛t✐♦♥❛❧ ❲♦r❦s❤♦♣ ♦♥ t❤❡ ❚❤❡♦r② ❛♥❞ ❆♣♣❧✐❝❛✲
t✐♦♥s ♦❢ t❤❡ ❱❧❛s♦✈ ❊q✉❛t✐♦♥✳

❬✸❪ ❚✳ ❙✳ ❍❛❤♠✳ ◆♦♥❧✐♥❡❛r ❣②r♦❦✐♥❡t✐❝ ❡q✉❛t✐♦♥s ❢♦r t♦❦❛♠❛❦ ♠✐❝r♦t✉r❜✉❧❡♥❝❡✳
P❤②s✐❝s ♦❢ ❋❧✉✐❞s✱ ✸✶✭✾✮✿✷✻✼✵✕✷✻✼✸✱ ✶✾✽✽✳

✹❆❝❦♥♦✇❧❡❞❣♠❡♥ts✿ ❚❤✐s ✇♦r❦ ✇❛s ♣❛rt✐❛❧❧② s✉♣♦rt❡❞ ❜② ❛♥ ❆◆❘ ●❨P❙■ ❝♦♥tr❛❝t✳

❘❘ ♥➦ ✼✻✶✶



❙❝❛❧❛❜❧❡ ◗✉❛s✐♥❡✉tr❛❧ s♦❧✈❡r ❢♦r ❣②r♦❦✐♥❡t✐❝ s✐♠✉❧❛t✐♦♥ ✶✺

❬✹❪ ●✳ ▲❛t✉✱ ◆✳ ❈r♦✉s❡✐❧❧❡s✱ ❱✳ ●r❛♥❞❣✐r❛r❞✱ ❛♥❞ ❊✳ ❙♦♥♥❡♥❞r✉❝❦❡r✳ ●②r♦❦✐♥❡t✐❝
s❡♠✐✲▲❛❣r❛♥❣✐❛♥ ♣❛r❛❧❧❡❧ s✐♠✉❧❛t✐♦♥ ✉s✐♥❣ ❛ ❤②❜r✐❞ ❖♣❡♥▼P✴▼P■ ♣r♦❣r❛♠✲
♠✐♥❣✳ ■♥ ❘❡❝❡♥t ❆❞✈❛♥❝❡s ✐♥ P❛r❛❧❧❡❧ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ❛♥❞ ▼❡ss❛❣❡ P❛ss✐♥❣
■♥t❡r❢❛❝❡✱ ✈♦❧✉♠❡ ✹✼✺✼ ♦❢ ▲❡❝t✉r❡ ◆♦t❡s ✐♥ ❈♦♠♣✉t❡r ❙❝✐❡♥❝❡✱ ♣❛❣❡s ✸✺✻✕
✸✻✹✳ ❙♣r✐♥❣❡r✱ ✷✵✵✼✳

❬✺❪ ●✉✐❧❧❛✉♠❡ ▲❛t✉✱ ◆✐❝♦❧❛s ❈r♦✉s❡✐❧❧❡s✱ ❛♥❞ ❱✐r❣✐♥✐❡ ●r❛♥❞❣✐r❛r❞✳ P❛r❛❧❧❡❧
❜♦tt❧❡♥❡❝❦ ✐♥ t❤❡ ◗✉❛s✐♥❡✉tr❛❧✐t② s♦❧✈❡r ❡♠❜❡❞❞❡❞ ✐♥ ●❨❙❊▲❆✳ ❘❡s❡❛r❝❤
❘❡♣♦rt ❘❘✲✼✺✾✺✱ ■◆❘■❆✱ ✵✹ ✷✵✶✶✳

❬✻❪ ●✉✐❧❧❛✉♠❡ ▲❛t✉✱ ❱✐r❣✐♥✐❡ ●r❛♥❞❣✐r❛r❞✱ ◆✐❝♦❧❛s ❈r♦✉s❡✐❧❧❡s✱ ❘❛❞♦✐♥ ❇❡✲
❧❛♦✉❛r✱ ❛♥❞ ❊r✐❝ ❙♦♥♥❡♥❞r✉❝❦❡r✳ ❙♦♠❡ ♣❛r❛❧❧❡❧ ❛❧❣♦r✐t❤♠s ❢♦r t❤❡ ◗✉❛s✐♥❡✉✲
tr❛❧✐t② s♦❧✈❡r ♦❢ ●❨❙❊▲❆✳ ❘❡s❡❛r❝❤ ❘❡♣♦rt ❘❘✲✼✺✾✶✱ ■◆❘■❆✱ ✵✹ ✷✵✶✶✳

❬✼❪ ❩✳ ▲✐♥ ❛♥❞ ❲✳ ❲✳ ▲❡❡✳ ▼❡t❤♦❞ ❢♦r s♦❧✈✐♥❣ t❤❡ ❣②r♦❦✐♥❡t✐❝ P♦✐ss♦♥ ❡q✉❛t✐♦♥
✐♥ ❣❡♥❡r❛❧ ❣❡♦♠❡tr②✳ P❤②s✳ ❘❡✈✳ ❊✱ ✺✷✭✺✮✿✺✻✹✻✕✺✻✺✷✱ ◆♦✈ ✶✾✾✺✳

❬✽❪ ❊r✐❝ ❙♦♥♥❡♥❞r✉❝❦❡r✱ ❏❡❛♥ ❘♦❝❤❡✱ P✐❡rr❡ ❇❡rtr❛♥❞✱ ❛♥❞ ❆❧❛✐♥ ●❤✐③③♦✳ ❚❤❡
s❡♠✐✲▲❛❣r❛♥❣✐❛♥ ♠❡t❤♦❞ ❢♦r t❤❡ ♥✉♠❡r✐❝❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❱❧❛s♦✈ ❡q✉❛t✐♦♥✳
❏♦✉r♥❛❧ ♦❢ ❈♦♠♣✉t❛t✐♦♥❛❧ P❤②s✐❝s✱ ✶✹✾✭✷✮✿✷✵✶ ✕ ✷✷✵✱ ✶✾✾✾✳

❘❘ ♥➦ ✼✻✶✶



Centre de recherche INRIA Nancy – Grand Est
LORIA, Technopôle de Nancy-Brabois - Campus scientifique

615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)

Centre de recherche INRIA Bordeaux – Sud Ouest : Domaine Universitaire - 351, cours de la Libération - 33405 Talence Cedex
Centre de recherche INRIA Grenoble – Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier

Centre de recherche INRIA Lille – Nord Europe : Parc Scientifique de la Haute Borne - 40, avenue Halley - 59650 Villeneuve d’Ascq
Centre de recherche INRIA Paris – Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex
Centre de recherche INRIA Rennes – Bretagne Atlantique : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex

Centre de recherche INRIA Saclay – Île-de-France : Parc Orsay Université - ZAC des Vignes : 4, rue Jacques Monod - 91893 Orsay Cedex
Centre de recherche INRIA Sophia Antipolis – Méditerranée : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex

Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)

❤tt♣✿✴✴✇✇✇✳✐♥r✐❛✳❢r

ISSN 0249-6399


	Introduction
	Gyrokinetic model
	Parallel solving of Vlasov equation
	Quasineutrality equation

	Scalable algorithm for the QN solver
	1D Fourier transforms method
	Data distribution issues
	Parallel algorithm descriptions
	Mapping functions
	Communication costs analysis

	Performance analysis
	Parallel computing scalability
	Memory scalability

	Conclusion

