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Shearing sheet approximation

Goldreich & Lynden-Bell (1965)

Umurhan & Regev (2004), Latter & Papaloizou (2017)
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Ïðè ïåðåõîäå ê áåçðàçìåðíûì âåëè÷èíàì ν → R−1 ≡ ν/(λ2Ω0)
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Ñäâèãîâûå âèõðè

Äèíàìèêà ëèíåéíûõ âîçìóùåíèé

Ñîïóòñòâóþùèå ôîíó êîîðäèíàòû:

x ′ = x/λ,
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Ïðîñòðàíñòâåííàÿ ôóðüå-ãàðìîíèêà: f = f̂ (kx , ky , kz , t ′) exp(ikx x ′+iky y ′+ikzz′)
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Ñäâèãîâûå âèõðè

Ïîèñê îïòèìàëüíûõ ñäâèãîâûõ âèõðåé

Ïî íîðìå |ûx |2 + |ûy |2 + |ûz |2 â ïðåäåëå (R →∞)

Îñíîâíûå óðàâíåíèÿ (äåéñòâèå Z)
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Ñîïðÿæåííûå óðàâíåíèÿ (äåéñòâèå Z†)
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Èäåíòè÷íîñòü â ïðåäåëå q → 0

Âûðîæäåííîñòü â ïðåäåëå kz → 0
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Ðîëëû è ïðîæèëêè âî âðàùàòåëüíîì ïîòîêå
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Ñòîÿ÷èå èíåðöèîííûå âîëíû
(èíòåðôåðåíöèÿ ìîä ±ω)

ûx = A sin(σt + ϕ)

ûy = A(2− q)σ−1 cos(σt + ϕ)
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Ïðîæèëêè: ûx (0) = ûz (0) = 0, û2
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g =
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sin2 σt + cos2 σt
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Äèíàìèêà äâóìåðíûõ âîçìóùåíèé

∂z = 0, uz = 0 ⇒ u = ux ex + uy ey

ω ≡ ∇× u = ωzez
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Äèíàìèêà äâóìåðíûõ âîçìóùåíèé

Ñâèíã ñäâèãîâûõ âèõðåé: ëèíåéíàÿ äèíàìèêà
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Íîðìèðîâêà: E2D(0) = 1 ⇒ ω̂z = (k2
x + k2

y )1/2 = k(0) ⇒ g2D = E2D(t) =
k(0)2

k(t)2

k̃x (t = tsw ) = 0 ⇒ tsw = −
kx

qky

G ≡ max g2D = E2D(t = tsw )→
k2

x

k2
y
ïðè |kx | � |ky | (ñèììåòðèÿ ïî ± |q|)

Ñäâèãîâûå âèõðè



Äèíàìèêà äâóìåðíûõ âîçìóùåíèé

Ñâèíã ñäâèãîâûõ âèõðåé: î ìåõàíèçìå óñèëåíèÿ

Chagelishvili et al. (1996) Razdoburdin & Zhuravlev (2015)
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Àíàëîãèÿ: Erot = I ω2/2 ∼ I−1, åñëè Jrot = I ω = const
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Ñîñòîÿíèå äåë

Ñäâèã ñêîðî-
ñòè

Ëèíåéíàÿ äèíàìèêà Òóðáóëåíòíîñòü Ìåõàíèçì

q = 0
Íåò ðîñòà Íå ñóùåñòâóåò ������

2 < q < +∞ Öåíòðîáåæíàÿ
íåóñòîé÷èâîñòü ïî
êðèòåðèþ Ðýëåÿ

Ñâåðõêðèòè÷åñêàÿ Âèõðè
Òýéëîðà

q = ±∞ Ýôôåêò lift-up:
òðàíçèåíòíûé ðîñò
ðîëëû → ñòðåéêè

Äîêðèòè÷åñêàÿ
RT ∼ 350

SSP

q = 2 Ýôôåêò anti-lift-up:
òðàíçèåíòíûé ðîñò
ñòðåéêè → ðîëëû

Äîêðèòè÷åñêàÿ
RT ∼ 2000 ?

−∞ < q < 0 Óñèëåíèå ñâèíãîì
ñäâèãîâûõ âèõðåé (2D)

Äîêðèòè÷åñêàÿ
(äëÿ |q| � 1) ?

0 < q < 2 Óñèëåíèå ñâèíãîì
ñäâèãîâûõ âèõðåé (2D)

? ?
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Ñîñòîÿíèå äåë

×èñëåííûé ýêñïåðèìåíò â öåíòðîáåæíî óñòîé÷èâûõ ïîòîêàõ −∞ < q < 2

Anti-lift-up ⇒ g ≈ 2/(2− q),
÷òî äàåò g(q = 1.94) ≈ 33

Lift-up ⇒ g ≈ (2− q)/2,
÷òî äàåò g(q = −6) ≈ 4
(íî: äëÿ q = −∞ è RT = 350
èìååì g ≈ 100 )

Óñèëåíèå ñâèíãîì ⇒ g ≈ (|q|RT )2/3,
÷òî äàåò âàðèàöèþ ñ ôàêòîðîì ∼ 7
âäîëü ÷åðíûõ òî÷åê
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Lesur & Longaretti (2005)

Ôóðüå-êîä äëÿ âèõðåâîé äèíàìèêè 643

Ñóùåñòâóåò ëè êàêîé-ëèáî èíîé ìåõàíèçì òðàíçèåíòíîãî ðîñòà,
äàþùèé g ≈ const� 1 âäîëü ÷åðíûõ òî÷åê?
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Äèíàìèêà òðåõìåðíûõ âîçìóùåíèé
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Äèíàìèêà òðåõìåðíûõ âîçìóùåíèé

*Äàëåå ïåðåíîðìèðîâêà: λ−1 = ky =⇒ ky = 1

3D ïîïðàâêà ê ñâèíãó

ûx = û0
x + k2

z û′x
Â ïðåäåëå òóãîé çàêðóòêè |k̃x | � 1:

ε ≡
k2

z |û′x |
|û0

x |
≈ k2

z
2π(2− q)

q2
|k̃x | Zhuravlev & Razdoburdin (2018)

Êðèòåðèé ñïðàâåäëèâîñòè èñïîëüçîâàííîãî ïðèáëèæåíèÿ:

ε(k̃x max) . 1

k̃x max ñîîòâåòñòâóåò òàêîé îáðàòíîé çàêðóòêå âèõðÿ, êîãäà âåðòèêàëüíûå
äâèæåíèÿ ïîäàâëÿþòñÿ âÿçêîñòüþ.

Àíàëèç îãðàíè÷åíèÿ âåëè÷èíû kz â êîíòåêñòå 2D ÒÐ: Balbus & Hawley (2006)
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Äèíàìèêà òðåõìåðíûõ âîçìóùåíèé

Ôàêòîð ðîñòà âåðòèêàëüíûõ äâèæåíèé ñ ó÷åòîì âÿçêîñòè

tsw (kx max) ' tν(kx max) ⇒ kx max
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∣∣∣∣∣
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Ïîòåðÿ óñòîé÷èâîñòè öåíòðîáåæíî-óñòîé÷èâûì ïîòîêîì

gz max ≡ u2
z (kx max, kz max) = ε f (q,R) ãèïîòåçà Æóðàâëåâà-Ðàçäîáóðäèíà

gz max/ε ≈ 150
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Ïîòåðÿ óñòîé÷èâîñòè öåíòðîáåæíî-óñòîé÷èâûì ïîòîêîì
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Ïîòåðÿ óñòîé÷èâîñòè öåíòðîáåæíî-óñòîé÷èâûì ïîòîêîì

Îïðåäåëåíèå äîêðèòè÷åñêîãî ïåðåõîäà ê òóðáóëåíòíîñòè

q = −10

Êóáè÷åñêàÿ ñ÷åòíàÿ îáëàñòü Lx = Ly = Lz = cs/(|q|Ω0) è RATH ≡ Ω0L2
y/ν

Çåëåíàÿ êðèâàÿ R = 1200; êðàñíàÿ êðèâàÿ R = 1400 (∼ +20%) ⇒ îöåíêà
RT = 1300

−0.0002

 0

 0.0002

 0.0004

 0.0006

 0.0008

 0.001

 0.0012

 0.0014

 1000  1400  1800  2500  3600  5000  7200  10000

α

R
Ath

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

 0  200  400  600  800  1000

α

|q| Ω0 t

1) Ïðîèçâåäåíî êîäîì ATHENA íà êëàñòåðå �Ëîìîíîñîâ� â ÌÃÓ

2) Ðàçðåøåíèå 1283

3) Ïîñòàíîâêà ðàñ÷åòà àíàëîãè÷íî Lesur & Longaretti (2005)
4) α - ýôôåêòèâíîå âÿçêîå íàïðÿæåíèå â åäèíèöàõ äàâëåíèÿ

5) Øòðèõ-ïóíêòèðíàÿ ëèíèÿ ñîîòâåòñòâóåò α = νrΩ′/c2
s
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Ïîòåðÿ óñòîé÷èâîñòè öåíòðîáåæíî-óñòîé÷èâûì ïîòîêîì

Ñðàâíåíèå ñ ëèíåéíûì àíàëèòè÷åñêèì ðåøåíèåì: êóáè÷åñêàÿ ñ÷åòíàÿ îáëàñòü
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Ãîëóáûå òî÷êè - ÷èñëåííûé ýêñïåðèìåíò

Çåëåíàÿ êðèâàÿ - ïîñòîÿííûé ôàêòîð ðîñòà êðîññ-ðîëëîâ g = const ,
ôèòèðîâàííûé ïî ýêñïåðèìåíòàëüíîé òî÷êå RT = 370000 äëÿ q = −4

Ïëîõîå ñîîòâåòñòâèå
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Ïîòåðÿ óñòîé÷èâîñòè öåíòðîáåæíî-óñòîé÷èâûì ïîòîêîì

Âûòÿãèâàåì ñ÷åòíóþ îáëàñòü âäîëü îñè âðàùåíèÿ

1) q = −4.

2) lz ≡ Lz/Ly , Lx = Ly .

3) RT (lz = 1) = 370000

4) RT (lz = 2) = 15000
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Ïîòåðÿ óñòîé÷èâîñòè öåíòðîáåæíî-óñòîé÷èâûì ïîòîêîì

Ñðàâíåíèå ñ ëèíåéíûì àíàëèòè÷åñêèì ðåøåíèåì: âûòÿíóòàÿ ñ÷åòíàÿ îáëàñòü
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Ñèíèå òî÷êè - ÷èñëåííûé ýêñïåðèìåíò

Çåëåíàÿ êðèâàÿ - ïîñòîÿííûé ôàêòîð ðîñòà êðîññ-ðîëëîâ g = const ,
ôèòèðîâàííûé ïî ýêñïåðèìåíòàëüíîé òî÷êå RT = 15000
äëÿ q = −4 â âûòÿíóòîì ÿùèêå

Õîðîøåå ñîîòâåòñòâèå

Ñäâèãîâûå âèõðè


